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ABSTRACT OF THE DISSERTATION
LINKING ORGANIC MATTER DYNAMICS TO MANAGEMENT, RESTORATION
AND CLIMATE IN THE FLORIDA EVERGLADES
by
Peter Regier
Florida International University, 2017
Miami, Florida
Professor Rudolf Jaffé, Major Professor
The Florida Everglades is a massive and highly managed subtropical wetland
ecosystem, strongly influenced by anthropogenic control of freshwater distribution and
highly susceptible to a changing climate, including rising sea-level and changes in
temperature and rainfall. Shifting hydrologic regimes impact ecosystem function and
biogeochemistry, which in turn control the sources, fate, and transport of organic matter.
As a master environmental variable, it is essential to understand how organic matter
dynamics will respond to changes in the balance between freshwater and saltwater
associated with landscape-scale Everglades restoration efforts and climate change. The
research comprising this dissertation improves current understanding of the linkages
between organic matter and hydrology in the Everglades across a broad range of temporal
and spatial scales. A range of research tools, including stable molecular biomarkers,
water quality sensors, data synthesis and multivariate statistics were utilized. Biomarkers
were used to track particulate organic matter mobilization in response to experimentally
manipulated flows and provided initial evidence that sheet flow restoration can re-
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engineer landscape microtopography, influencing both ecosystem structure and organic
matter inputs to Everglades National Park (ENP). Short-term and long-term temporal
studies indicated the quantity and quality of dissolved organic carbon responds to
changes in freshwater flow to marshes and mangrove forests in ENP, and that spatial
patterns and trends are driven by a complex mixture of managed and natural surface
water inputs (i.e., rainfall and water management inflows) as well as groundwater
discharge. Application of climate scenario forecasting to relationships established
between organic matter and hydrologic drivers predicted reductions in dissolved organic
carbon export from ENP and changes in organic matter molecular composition.
Furthermore, high-frequency measurements showed hydrologic connectivity of
freshwater and estuarine organic matter pools at sub-monthly time-scales. In summary,
the work presented here clearly indicates strong yet spatiotemporally complex
relationships between changes in water and the sources and transport of organic carbon
through the Everglades.
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CHAPTER I

INTRODUCTION
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1.1 Introduction
Organic matter (OM) originates as assimilation of atmospheric carbon into
terrestrial or aquatic biomass via photosynthesis. As OM degrades, primarily through
heterotrophic activity, it can be sequestered in soils and sediments, mineralized to the
atmosphere (Siegenthaler and Sarmiento, 1993) or exported to coastal margins and the
open ocean, primarily through rivers (Meybeck, 1982; Hedges et al. 1997; Raymond &
Bauer, 2001). It has been estimated that the quantity of carbon in terrestrial OM
transported to the ocean may account for more than 79% of total net ecosystem
production (Cole et al. 2007).
Organic matter in the water column is classified either as dissolved organic matter
(DOM) or particulate organic matter (POM), where DOM is operationally defined by
passing through a filter (typical pore sizes range from 0.2-0.7 µm), while POM is retained
(Azam & Malfatti, 2007). Dissolved organic matter is generally more prevalent than
POM in aquatic systems (Meybeck, 1982; Hope et al. 1994), particularly in North
America (Seitzinger et al. 2005), but both components play crucial, often disconnected,
environmental roles (Druffel et al. 1992; Raymond and Bauer, 2001; Osburn et al. 2012).
Dissolved organic matter influences water quality by regulating nutrient cycles (Boyer et
al., 1997; Qualls and Richardson, 2003), transport and complexation of metals
(Yamashita & Jaffe, 2008), light availability to benthic communities (Osburn et al. 2009)
and microbial activity (Amon and Benner, 1994; Battin et al. 2008; Fellman et al. 2008).
Particulate organic matter acts as an additional source of nutrients for aquatic systems
and is readily accumulated in coastal sediments (Keil et al. 1994; Kendall et al., 2001; He
et al. 2014).
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Quantitative and qualitative OM dynamics are influenced by several interrelated
ecosystem factors, including hydrology, geomorphology and biogeochemistry (Krause et
al. 2015). Hydrology primarily drives OM transport (Raymond & Saiers, 2010;
Townsend-Small et al. 2011), but also influences its composition (Fasching et al. 2015).
Biologically labile OM can experience non-conservative transport as it is cycled through,
or retained in, biota along the flow path (Battin et a. 2008; Edmonds and Grimm, 2011;
Hall Jr. et al., 2016). The combination of non-conservative downstream movement and
in situ processing or retention, known as “spiraling” (Newbold et al. 1982; Webster,
2007), is strongly linked to geomorphological characteristics (Ensign and Doyle, 2005)
including benthic surface area to channel volume ratios (Wollheim et al. 2006) and
transient storage (Valett et al. 1996; Ensign and Doyle, 2006). Increased residence times
and biological interactions of solutes during transport can in turn lead to zones of higher
biogeochemical activity (Dahm et al. 1998).
Organic matter behavior is further complicated through mixing of a variety of
allochthonous and authochonous sources along the flow path (e.g., terrestrial plants, soils
and microbial byproducts). As specific sources often have different compositional
features (Ficken et al. 2000; Hernes and Benner, 2002; He et al. 2014), the origin of OM
can regulate susceptibility to processing and degradation via photochemical and
biological pathways (Cory et al. 2014; Chen and Jaffe, 2014; Stubbins et al. 2016). The
resulting amalgamation of different sources and reactivity yields a highly complex
molecular signature consisting of thousands of unique chemical formulae (e.g., Stetson et
al. 2003; Roth et al. 2014) spanning degradation time-scales ranging from minutes to
millenia (Pollard, 2013; Hansell, 2013).
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Furthermore, the environmental conditions controlling OM composition and
transport vary spatiotemporally (Rosemond et al., 2015; Sobczak and Raymond, 2015).
For instance, recent innovations in the use of in situ optical sensors measuring water
quality proxies at sub-hourly resolution (Downing et al. 2009; Downing et al. 2012; Lee
et al. 2015) demonstrate that standard grab sampling regimes (i.e., weekly or monthly
intervals) often miss important, rapid shifts in hydrodynamics and water chemistry,
which can strongly influence OM concentration and composition (Kirchner et al. 2004;
Pellerin et al. 2011; Wilson et al. 2013). On the opposite side of the temporal spectrum,
inter-annual changes in DOM export have been linked to long-term drivers like
increasing temperature (Freeman et al. 2001), changes in atmospheric CO2 concentrations
(Freeman et al. 2004), or multi-decadal climatic indices (Mengitsu et al. 2013), although
connections between long-term DOM export trends and global climatic drivers remain
relatively unclear (Filella and Rodriguez-Murillo, 2014).
In aquatic systems where hydrologic conditions are relatively predictable, like
river networks, widely used ecological paradigms including the River Continuum
Concept (Vannote et al., 1982), Serial Discontinuity Concept (Ward and Stanford, 1983;
Ward and Standford, 1995), and, more recently, the Pulse-Shunt Concept (Sobzcak and
Raymond, 2016) provide conceptual starting points to explain complex relationships
between OM cycling and environmental drivers. However, extending equivalent
unifying frameworks to systems with less predictable hydrodynamics like coastal
wetlands and estuaries remains a challenge as a result of the combination of variability in
the constantly shifting balance between freshwater, saltwater and groundwater (e.g., Price
et al. 2006) and complex biogeochemical processes (Reddy et al., 2010; Troxler et al.,
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2013; Maie et al., 2014). Coastal systems play significant, yet poorly quantified roles in
the global carbon cycle (Bouillon et al. 2008; Mitsch et al. 2013) and provide valuable
ecosystem services (Brauman et al. 2007; Richardson et al. 2014). As such, improving
current knowledge of the linkages between water and carbon is essential for constraining
global carbon budgets. Such an understanding is urgently needed as coastal and nearshore ecosystems are increasingly threatened by naturally and anthropogenically driven
disturbances (Alongi, 2002; Mitsch and Hernandez, 2013).
Research projects presented in the subsequent chapters utilize a range of
analytical and statistical techniques to explain how the sources, transport, and fate of
organic carbon change through time and space in a complex coastal wetland ecosystem
within the context of relevant environmental drivers. All study sites are located within
the Florida Everglades (also known as the Greater Everglades Ecosystem, or GEE), a
massive landscape mosaic of marshes, wet prairies, tree islands, mangrove forests and
seagrass beds (Davis and Ogden, 1994) connected by surface and groundwater flows.
The GEE spans much of the South Florida peninsula along a historically connected flow
path which originates in the Kissimmee River basin north of Lake Okeechobee and drains
into Florida Bay and the Gulf of Mexico (Figure 1).
Prior to settlement of the region, freshwater moved through the system as shallow
and slow overland sheet flow promoting strong hydrologic connectivity of upstream and
downstream environments. During agricultural and urban development, hydric wetland
soils were drained and a vast network of canals and levees was constructed, effectively
dissecting the original flow path into discrete impoundments, connected by water control
structures rather than natural sheet flow (McVoy et al. 2011). Changes in freshwater
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sheetflow led to many negative effects on the Everglades ecosystem (Sklar et al. 2005),
including subsidence of organic soils (Davis 1943), enhanced saltwater intrusion into
freshwater aquifers (Allison, 1943), loss of characteristic microtopography (Science
Coordinating Team 2003) and nutrient enrichment of oligotrophic downstream regions
(McCormick et al. 2002).

In response to widespread ecosystem degradation, the Comprehensive Everglades
Research Plan (CERP) was implemented to improve water quality, increase freshwater
flow to downstream regions, and reestablish seasonal timing for water deliveries (Sklar et
al. 2005). The efficacy of Everglades restoration will be judged in part by the impact of
management activities on the downstream areas encompassed within Everglades National
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Park (ENP), a federally protected region located at the southern terminus of the flow
path. Everglades National Park is characterized by low topographic relief with peat and
marl soils overlaying highly porous karstic bedrock (DiFrenna et al. 2008). Seasonal
hydrologic patterns of Park drainages are strongly influenced by inputs via water control
structures (Saha et al., 2012; Sandoval et al. 2016), and changes in freshwater inputs
during restoration are expected to impact this region (Obeysekera et al. 2014). In
addition, the oligohaline brackish ecotone that joins freshwater marshes to saline
mangrove forests in ENP responds to gradients of salinity and nutrients controlled by the
balance of freshwater and saltwater (Rivera-Monroy et al. 2011). Changes in flow and
salinity associated with rising sea levels throughout the estuarine extent of ENP
(Stabenau et al. 2011) and altered freshwater delivery will influence the ecotone, as well
as the freshwater and saltwater regions. Shifting surface water flows are predicted to
alter landscape topography (USACE, 1999; Science Coordination Team, 2003; Larsen et
al. 2009), vegetation communities (Ross et al. 2000), biogeochemical cycling (Reddy et
al., 2010; Orem et al. 2015), and carbon sequestration capacity (Jimenez et al. 2012;
Breithaupt et al. 2014; Orem et al. 2015). It is therefore essential to understand how OM
currently responds to hydrology in order to predict how changes in these factors may
affect the carbon cycle in the future, particularly in response to landscape-scale factors
like restoration and climate change (Middleton and Souter, 2016).
Within the GEE, a relatively consistent pattern of higher dissolved organic carbon
(DOC) concentrations with high aromaticity (associated with terrestrial plants) is present
in the north, and both concentration and aromaticity decrease moving southward along
the GEE flow path (Yamashita et al. 2010; Chen et al. 2013). Distinct signatures of OM
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sources, including terrestrial plants (Saunders et al. 2006; Saunders et al. 2015),
flocculent matter (Pisani et al. 2013), mangroves (Cawley et al., 2014; He et al., 2014)
and seagrasses (Ya et al., 2015) have been distinguished throughout the GEE using
optical properties, stable isotopes and molecular markers. Transport of these components
through canals (Yamashita et al., 2010), surface waters (Cawley et al., 2014) and
groundwater (Chen et al., 2010) has also been characterized, with components ranging
from bio- and photo-refractory to highly labile (Chen & Jaffe, 2014). However, the
relationships of OM quantity and quality to hydrology and climate remain poorly
understood in the region.
The four chapters of research presented here seek to advance understanding of the
linkages between OM and environmental drivers, primarily hydrology (surface water,
groundwater and precipitation), in the GEE. In the first project (Chapter 2), specific
hypotheses related to the role of flow in restoring landscape patterning are tested.
Findings from Chapter 2 have important implications as restoration efforts move to
increase flow in areas which have been hydrologically disconnected for decades,
including the border between the WCAs and ENP. Chapter 3 continues to examine the
relationship between OM and surface water movement, along with other long-term
drivers (including climate indices and sea level) through interpretation of monthly DOC
export from the estuary of Shark River Slough, the primary drainage of ENP (Saha et al.
2012). Together, Chapter 2 and Chapter 3 establish recent patterns of OM transport, and
improve capacity to predict how changes in upstream hydrologic connectivity and flow
patterns may impact the estuary. Chapter 4 further advances this understanding through
investigation of DOC temporal patterns in the Shark River estuary conducted at fine
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temporal resolution (sub-hourly), providing a temporally comprehensive picture of the
relationship between the multiple, interrelated drivers of estuarine hydrology and OM.
Finally, Chapter 5 builds on previous research exploring compositional patterns and
trends of DOM across space (Yamashita et al. 2010) and time (Chen et al. 2013) in ENP
by linking long-term patterns and trends in OM quality to hydrodynamics of surface and
groundwater. As a whole, the four projects advance current knowledge of interactions
between carbon and water in the Everglades, and provide quantitative tools to predict
how such relationships will respond to changes in management, restoration and climate.
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CHAPTER II

SHEETFLOW EFFECTS ON SEDIMENT TRANSPORT IN A DEGRADED RIDGEAND-SLOUGH WETLAND: INSIGHTS USING MOLECULAR MARKERS
(In preparation for Organic Geochemistry)
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2.1 Abstract:
Historic freshwater sheetflow in the Florida Everglades distributed sediment to
form a landscape patterned by emergent ridges and submerged sloughs. Drainage of
wetlands, reduction of overland sheetflow and construction of physical barriers to flow
have degraded these corrugated microtopographic features. As part of the
Comprehensive Everglades Restoration Plan, the Decompartmentalization Physical
Model (DPM) is a landscape-scale pilot test project aiming to reestablish natural
sheetflow to the central and southern Everglades by increasing freshwater inputs and
redesigning barriers to flow. To validate proof of concept that increased flow will rebuild
ridge-slough microtopography by remobilizing slough sediments to ridges, a suite of four
molecular markers capable of distinguishing ridge, slough and microbial sources in
sediments (in benthic flocculent material or ‘floc’ and in advected sediments in the water
column) were determined at the DPM test site during pre-flow, high flow and post-flow
conditions over a three-year DPM implementation period.

The combined use of the four

biomarkers, namely the aquatic proxy (Paq), C20 highly branched isoprenoids (HBIs),
kaurenes and botryococcenes, resulted in compositional patterns that clearly
distinguished between ridge and slough organic matter, with the sediment traps being
mainly slough-like. Of these molecular parameters, the Paq was determined to be the
most reliable in distinguishing among organic matter sources. Long-term patterns in the
Paq at ridge and slough sites indicate a general increase, indicative of preferential
mobilization of slough material. The Paq values for entrained sediments collected from
sediment traps are also strongly associated with slough environments, and confirm trends
in floc samples. Our results tentatively confirm the hypothesis that increased flow in
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degraded ridge-and-slough wetlands is a potentially viable mechanism to restore historic
patterns of microtopography.

2.2 Introduction
Landscape patterning in wetlands is driven by an array of interconnected
environmental drivers, including hydrology, nutrients, soil type, and vegetation (Eppinga
et al., 2008; Larsen et al., 2011). In turn, changes in factors that alter patterning can
impact ecosystem function (Rietkirk et al. 2004; Cohen et al. 2011), making
understanding drivers of landscape patterns an essential component of wetland restoration
efforts.
The Florida Everglades is currently undergoing massive landscape-scale
hydrologic restoration to reestablish historic quantity, quality and timing of freshwater
deliveries (Davis and Ogden, 1994; Science Coordination Team, 2003; Sklar et al. 2005).
Historic water velocities greater than 2 cm s-1 controlled distribution of sediments and
maintained landscape patterning of ridges and sloughs throughout much of the freshwater
Everglades (Larsen et al., 2009; 2011). However, the combination of drainage, flow path
impoundment, and dramatically reduced flow velocities have degraded linear patterning
(USACE, 1999), resulting in loss of hydrologic connectivity and associated ecosystem
function (Ogden, 2005). Current understanding of flow as a mechanism to rebuild
landscape microtopography in the Everglades is limited to small spatial-scale
experiments or modeling and considerable uncertainty remains regarding response of the
ridge and slough to increased flow regimes anticipated with Everglades restoration.
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The Decompartmentalization Physical Model (DPM) is a landscape-scale project
designed to address this knowledge gap by measuring changes in entrained sediment
sources and subsequent transport in response to increased sheetflow. More specifically,
DPM seeks to test the hypothesis that higher flow rates through degraded ridge-slough
wetlands will entrain sediments originating in slough environments, which are predicted
to settle in slower velocity ridge environments, thereby rebuilding elevation differences
between ridge and slough sub-environments and restoring historic landscape patterning
(Harvey et al. 2009; Larsen et al. 2011).
Biomarkers have frequently been used to assess organic matter sources and
transport as well as environmental changes in aquatic environments (e.g., Zhang et al.
2006; Zhou et al. 2010; Tulipani et al. 2014; Zocatelli et al. 2014). The concept has been
successfully applied in a variety of ecosystems in the Florida Everglades, including
freshwater marshes (Mead et al. 2005; Saunders et al. 2015), mangrove forests (He et al.
2014), and coastal marine environments (Xu et al. 2006; Xu et al. 2007) leading to the
development of source-specific molecular markers applicable as proxies for organic
matter source, transport and fate. Lipid biomarkers are abundant in plant waxes (Bush
and McInerney, 2013) and have proved particularly useful to distinguish organic matter
sources of different biomass origins, including terrestrial plants, algae and bacteria (e.g.
Seki et al. 2010; Schellekens and Buurman, 2011; Tulipani et al. 2014). Ratios of nalkanes like the carbon preference index (CPI), average chain length (ACL) and aquatic
proxy (Paq) have been widely used to trace historical changes in vegetation (Ficken et al.
2000; Tareq et al. 2005; Zocatelli et al. 2014). Of these ratios, the Paq is specifically
designed to discriminate organic matter inputs from emergent and submerged aquatic
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plants (Ficken et al. 2000). It has been applied extensively in the Everglades (Mead et al.
2005; Saunders et al. 2006; Saunders et al. 2015), making it an ideal metric for
distinguishing ridge and slough contributions to floc and sediment in the DPM test-plot.
The applicability of the Paq or any other biomarker as a proxy for environmental
change depends on its environmental stability. Some studies warn that ignoring
degradation effects when interpreting observed changes in n-alkane distributions through
time may limit the accurate interpretation of organic matter source variations (e.g.,
Nguyen Tu et al. 2011; Schellekens and Buurman, 2011). However, ratios like the Paq,
CPI, and ACL appear to be quite robust to changes induced by degradation processes,
even when bulk carbon concentrations decrease dramatically (e.g., Wang et al. 2014; Li
et al. 2017).
Along with the Paq, we selected three additional biomarkers to distinguish and
characterize sources of organic matter present in floc and sediment samples in Everglades
marsh environments. Kaurenes, a class of diterpenoids found in abundance in higher
plants (e.g., Xiang et al. 2004), have been reported as particularly enriched in Everglades
sawgrass (Saunders et al. 2006), and are suggested as a good proxy for organic matter
from ridges in the Everglades where such emergent plants are most abundant. In addition
to emergent and submerged plants, periphyton is highly abundant in the Everglades, and
organic matter inputs to floc have previously been assessed using C20 highly branched
isoprenoids (C20 HBIs) and botryococcenes (Neto et al. 2006; Pisani et al., 2013; Gao et
al., 2007). While the most likely source of the C20 HBIs is cyanobacteria (Kenig et al.
1995; Neto et al. 2006), the botryococcenes are likely associated with filamentous green
algae, specifically Botriococcus braunii (Maxwell et al. 1968; Gao et al. 2007; Xu and
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Jaffe, 2010). The four abovementioned organic matter source proxies for the Everglades
have been previously successfully calibrated for a ridge and slough environment
(Saunders et al., 2006) and applied (Saunders et al., 2015) in Everglades National Park.
The current study applied the suite of four biomarkers to assess the sources and transport
of sediments/floc under low and increased sheetflow conditions as part of the DPM
implementation study. Ridge-to-slough transects were used to confirm validation for the
specific study region, including the capacity of the Paq to differentiate ridge and slough
organic matter sources, the applicability of kaurenes as an indicator of ridge vegetation
sources, and HBIs and botryococcenes as indicators of sediments and floc sourced from
sloughs where periphyton us usually more abundant. Using a spatial gradient sampling
design to monitor sites along a broad flow path during three years of high flow events and
the preceding and intervening low flow periods, we assessed slough contributions of
organic matter to ridges, and longitudinal sediment transport dynamics along the flow
path. On the basis of our results, we present initial evidence supporting the hypothesis
that increased water discharge in Everglades marsh environments can potentially lead to
the reestablishment of the historic ridge-and-slough microtopography in this ecosystem.

2.3 Methods:
2.3.1 Site description
The DPM study area is located in Water Conservation Area 3 (WCA-3),
approximately 26 miles to the WNW of Miami, Florida in an area between the L67A and
L67C levees, known as “The Pocket” (Figure 2.1). A gated culvert structure, the S-152,
was constructed on the L67A levee to generate experimental sheetflow conditions
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(velocities typically range from 2-5 cm s-1), and a 3000-foot section of the L67C levee
was degraded approximately 4.5 km south of the S-152 to allow water to flow freely over
the levee. The culverts were opened between the months of November and January (2013
through 2016) when TP levels in the L67A are at or below 10 µg L-1, to avoid artificially
enriching the ecosystem. Due to Everglades-wide, emergency high water conditions from
January through May, 2016, the S-152 was also operated for 4 days in February and from
early March through early May of that year. While the culverts were open, water flowed
from WCA-3A through the DPM footprint south to the L67C levee degrade and into
WCA-3B.
Across the study area, slough vegetation is primarily Utricularia spp.
(bladderworts), Eleocharis spp. (spike rush), Nymphaea odorata (white water lily), and
floating or benthic periphyton, while ridges are dominated by Cladium jamaicense
(sawgrass). Prior to the first flow event samples of the leaves and roots of dominant
vegetation species present in the DPM footprint were collected. Although the Paq is well
established to distinguish plant inputs from ridges and sloughs (Saunders et al. 2006;
Saunders et al. 2015), site-specific samples were used as additional validation of the Paq
using results presented in supplementary information (Appendix 2.1).
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2.3.2 Sampling design
Two sampling designs were implemented, including a BACI design aimed at
evaluating temporal variability in sediment biomarkers, and a spatial gradient design to
evaluate spatial variability across the study area, including gradients related to distance
from the flow structure (S-152) or built features (e.g., canals, levees, or levee gap). Both
of these designs sampled ridge and slough environments. For the BACI design, floc
samples from adjacent ridge and slough habitats were collected at three-week intervals
during periods of September to January and at six week intervals in the period from
February to June, or until water depths decreased to < 20 cm. Sampling included one preflow year, starting September 2012, and the three following years with flow events.
Sampling sites included the high-flow (impact) site RS1, a control (C1) and a moderateflow site RS2. Both C1 and RS2 were located approximately one kilometer from the S152.
For the spatial gradient design, all sites were due south of S-152, except for Z6-1
(due east, near site C1), and were located at approximately 150-m, 300-m, 700-m, 1000m, and 2200-m from the S-152. At two sites, Z5-1 and Z6-1, floc and advected
sediments were also collected along 30-m transects, perpendicular to a ridge-slough
border, and spanning the slough interior, slough edge, ridge edge and ridge interior
(Figure 2.1). Edge plots were within 3 m of the border, and interior plots 10-15 m from
the border. Floc collections in the spatial gradient sites were also made before flow
events (September through October), immediately after the flow window (typically
January or February), and at six week intervals after January. Advected sediment from
horizontal traps (described below) was collected at the spatial sites and, when sufficient
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sample permitted, analyzed for biomarkers. A total of 393 floc and advected sediment
samples were collected for marsh sites during this study between September 2012 and
May 2016. The current study will focus on temporal and ridge-slough transect trends and
patterns. Analysis of samples in the context of a BACI sampling design was outside the
scope of this initial analysis but will be reported in subsequent publications.
2.3.3 Sampling floc and advected sediments
Floc was collected by pushing a 10-cm diameter soil corer through the floc layer
and into the soil approximately 10 cm (see also Pisani et al., 2013). A cap was placed on
top to ensure a vacuum seal then the corer was lifted out of the soil and floc was extruded
from the top and collected in Ziploc bags. The height of the floc above the soil surface
was measured while extruding the floc from the corer. Floc was collected in
representative slough or ridge portions of each habitat, and care was taken to avoid
collecting in previously sampled areas or established trails.
Horizontal sediment traps were paired with floc sampling sites and collected
advected sediments during the time intervals between floc sampling events. The traps,
deployed at mid-water column, utilized a design adapted from Phillips et al. (2000),
previously used to quantify sediment exchange in estuarine systems. Only traps deployed
under high-flow at the impact sites (Z5-1, RS1, and Z5-3; all within 700 m of S-152)
collected sufficient material for biomarker analyses. Floc and sediment samples were
kept on ice and transported to the South Florida Water Management District (SFWMD)
Field Operations Center laboratory, stored at 4ºC and homogenized within 24 hours.
Homogenized samples were frozen and transported to Florida International University
(FIU) for biomarker analysis.
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2.3.4 Sample preparation and extraction
Upon arrival at FIU, excess water was decanted and samples were refrozen, then
freeze-dried at -40 C and 0.133 mBar (Labconco Freezone) for 24 hours or until
completely dewatered. Freeze-dried samples were passed through a 35 mesh sieve to
remove larger vegetation and root debris and homogenized to <35 mesh with a mortar
and pestle. Extraction methods followed procedures outlined by Folch et al., (1957) with
modifications. First, 0.8 g of homogenized sample were weighed into cellulose thimbles
cleaned by pre-rinsing with methylene chloride (DCM; Fisher Scientific). Samples were
then extracted thrice with DCM and transferred to round-bottom flasks to remove excess
solvent via rotary evaporation. The remaining sample was transferred to hexane for
fractionation. Blanks of 0.8 g combusted sand spiked with two n-alkane standards were
extracted in tandem with samples to assess recovery rates and identify potential
contamination during the extraction and fractionation processes. One blank was run for
every nine biomarker samples. All solvents used for extraction and fractionation
procedures were OptimaTM grade.
2.3.5 Fractionation of lipid classes
Eight and a half grams of silica gel deactivated by 5% deionized water was mixed
with hexane to form a slurry and loaded into a glass column and then topped with sodium
sulfate to trap remnant water. Next, the extracted sample in hexane was loaded at the top
of the column. Fraction 1 (F1), containing non-polar aliphatic hydrocarbons, was eluted
using 25 ml of hexane. Following F1, fraction 2 (F2), containing polyunsaturated and
aromatic hydrocarbons, was eluted using 25 ml of a 3:1 hexane:toluene solvent mixture.
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Fractions were collected in pear flasks and excess solvent was again removed using
rotary evaporation. Samples were then transferred using DCM to 300 µl GC inserts and
spiked with squalane as an internal standard.
2.3.6 Gas-chromatography mass-spectrometry
Separation and quantification of molecular biomarkers was conducted using an
Agilent 6890 Gas Chromatograph (GC) coupled to an Agilent 5973 Mass Spectrometer
(MS) in electron ionization mode at 70 eV. The GC was fitted with an RTX-1 (Restek)
30 m capillary column with an internal diameter of 0.25 mm receiving He carrier gas
flowing at 1.2 mL/min. The injection temperature was set at 280 °C and the GC oven
was programmed to ramp from 60 to 300 °C at a rate of 6 °C/min followed an isothermal
hold for 15 min.
2.3.7 Biomarker identification and quantification
Biomarkers were identified by comparing chromatographic retentions times and
mass spectra with authentic standards and literature reports as well as through mass
spectral interpretation using Agilent ChemStation software. The n-alkanes in F1 used to
calculate the Paq were identified based on retention time using a mass chromatogram
restricted to compounds containing the ion m/z = 57. Peaks were checked for
interferences including co-eluting compounds by comparison with typical n-alkane mass
spectral characteristics performed after background subtraction. The Paq is based on the
C23, C25, C29 and C31 n-alkane peaks, according to the formula provided by Ficken et al.
(2000): 𝑃𝑎𝑞 = 𝐶23 + 𝐶25 ⁄𝐶23 + 𝐶25 + 𝐶29 + 𝐶31. The HBIs present in F1 consisted of
two compounds: the C20-0 HBI and the less abundant C20-1 HBI. The former (significantly
more abundant) peak, was well resolved chromatographically, while the latter appears as
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a shoulder peak on the C17 n-alkane, and was integrated accordingly. Spectral
confirmation of HBI peaks used the m/z doublet found at 168/169 (Yon et al., 1982;
Requejo and Quinn, 1983; Jaffe et al., 2001). The kaurenes consist of two peaks in F1
with characteristic MS spectra of m/z = 272, 257, 123 and 274, 259, 123, respectively.
Botryococcenes in F1 and F2 consist of a group of isomers that elute in the range of C27
to C29 n-alkanes (F1). A total of 26 isomers were identified by Gao et al., (2007) but do
not consistently appear in all samples. Compound identification was based on mass
spectral characteristics and was performed on a peak-by-peak basis within established
retention time ranges. The peak area of squalene spiked immediately prior to injection
was used to calculate concentration values for the HBIs, kaurenes and botryococcenes.
2.3.8 Statistics
Statistical analyses were conducted using the JMP® Version 12 statistical
package (SAS Institute Inc., Cary, NC, 1989-2007). Comparison tests for multiple
sample groups was performed using the Tukey-Kramer honest significant difference test
to account for unequal sample sizes (Kramer, 1956). The results of Tukey-Kramer tests
are presented in Figures 2.4 and 2.5 as letters, where groups with no common letters are
significantly different (p > 0.05). Principal component analysis (PCA) was conducted on
normalized data and plotted as site averages of PC1 and PC2 loadings.

2.4 Results and Discussion
2.4.1 Ridge-slough spatial transects
Biomarker validation for differentiating between ridge and slough organic matter
sources was performed along ridge-slough gradient for two transects (Z5-1 and Z6-1, see
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Figure 2.1), where floc samples were collected during low and high flow periods (Figure
2.2). For both sites, the Paq increased from ridge to slough, with the largest change
occurring between ridge edge and slough edge. Highest variability at ridge-edge sites
likely stems from increased mixing of slough and ridge organic matter sources, where
emergent vegetation reduces flow velocities and suspended particulates settle out of the
water column on the edge of the ridge (Larsen et al., 2009; Larsen et al., 2011). As for
the Paq, a general trend of increasing average HBI concentration values is also observed
from ridge to slough. However, dramatic differences in HBI concentration between Z5-1
and Z6-1 were observed, indicating higher spatial heterogeneity throughout the DPM plot
in comparison to the Paq, which may be a function of the high seasonally and spatial
heterogeneity of HBIs, observed elsewhere in the Everglades (Pisani et al. 2013).
In contrast to the Paq and HBIs, kaurenes were highly enriched at ridge and ridge
edge sites but generally absent or present only at very low concentrations for the slough
and slough edge. Kaurene patterns are in agreement with sawgrass being the primary
source of kaurenes in this environment, and sawgrass being most abundant on the ridges
(Saunders et al. 2015). Furthermore, the clear divide between ridge edge and slough edge
for both sites indicates minimal movement of ridge-derived materials into the sloughs.
While spatial patterns for the botryococcenes generally followed an increasing trend from
ridge to slough, similar to the Paq and HBIs, botryococcenes had considerably higher
variability at Z6-1 slough sites compared to Z5-1 slough sites (in contrast to the HBIs),
although this variability appears to be driven by a few very high botryococcene values
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associated with sampling dates after the second high flow. Dissimilar patterns in algalderived HBI and botryococcene patterns may result from differences in flow between the
two sites, as previously mentioned. Additionally, the difference between the two algal
markers may be related to periphyton and variations in species-specific primary
productivity patterns, although both parameters exhibit correlations to periphyton
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coverage (Saunders et al. 2015). Ridge-slough spatial gradients confirm that the Paq is a
robust biomarker proxy capable of distinguishing between ridge and slough sources of
organic matter, while kaurenes are a strong indicator of ridge vegetation and both the
HBIs and botryococcenes exhibit considerable variability between sampling sites. The
consistency in the Paq between sites is attributed to it being ratio rather than a
concentration-dependent measurement like the other three biomarkers, rendering the Paq
as more robust to changes in organic matter concentrations associated with fluctuating
water depths and related ecological processes.
2.4.2 Principal component analysis
To summarize the spatial and temporal patterns present within the almost 400
samples collected during the study, biomarker data were subjected to principal
component analysis (PCA), a multivariate statistical technique useful for dimensional
reduction of large and complex environmental datasets. First, all four biomarkers were
plotted using two principal components, which explained 62.6% of variability present in
the dataset (Appendix 2.2). Since the data presented in Figure 2.2 demonstrate the high
spatial variability present in the botryoccocene measurements, PCA was performed again
excluding botryococcenes to improve the statistical power of this analysis. The resulting
PCA improved separation between sample types and explained 78.0% of variability, and
was therefore selected to represent the dataset (Figure 2.3). Average loadings for each of
the three biomarkers and for each sample type (ridge, slough and marsh traps) are also
plotted in Figure 2.3 for reference. One site (CC2) was removed from the PCA as an
outlier (PC1: -6.35; PC2: 5.15). This site was removed as there was only one sample and
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it is located in a degraded tree island dominated by invasive cattail and does not represent
the ridge-slough landscape of interest well.
As shown in Figure 2.3, the ridge and slough samples cluster separately, with
ridge samples featuring more negative PC1 values, while slough samples generally
clustered closer to zero or positive PC1, driven primarily by the Paq. Marsh trap samples
clustered more closely with slough than ridge sites, indicating enrichment in slough-like
material in entrained sediments. As PC1 divides general ridge and slough clusters, and is
strongly associated with the loading for Paq, it is clearly indicative of organic matter
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source (slough versus ridge). Overlap between slough sites and ridge sites along PC1 is
attributed to mixing of ridge and slough sources via entrainment of ridge floc into sloughs
and settling of slough sediments on ridges. Furthermore, the majority of marsh traps
exhibit PC1 loadings consistent with sloughs as the primary source of organic material
entrained in the water column.
The boundary between ridge and slough sub-ecosystems is a gradient rather than a
clear delineation, and so some overlap of these environments is expected. Both Figure
2.2 and PC1 in Figure 2.3 demonstrate the power of source-specific biomarkers,
particularly the Paq, for distinguishing between ridge and slough organic matter, even in
heterogeneous landscapes. In contrast to the Paq, both the HBIs and kaurenes have
weaker loadings along PC1, but exhibit stronger PC2 values. Because there is no clear
distinction between ridge and slough sources along PC2, we suggest that PC2 is driven
by seasonality relating either to primary productivity patterns or inputs from periphytonderived organic matter. Since HBIs are known to vary seasonally in the Everglades
(Pisani et al. 2013), the similar distributions of ridge and slough sites along PC2 can be
attributed to seasonal patterns in HBI production rather than the influence of sheetflow.
Kaurenes sourced from sawgrass are not related to seasonal patterns in algae or
periphyton, so the positive loading of kaurenes along PC2 is likely driven simply by the
division between ridge and slough sites, as kaurenes are mostly absent in slough
environments (Figure 2.2). Therefore, Figure 2.3 clearly shows the applicability of the
Paq as a strong proxy for differentiating ridge and slough sources of organic matter,
while kaurenes are only indicative of ridges and patterns in HBI concentrations are likely
a function of seasonality rather than changes in flow. As such, the remainder of this
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study focuses on the Paq patterns to interpret the spatiotemporal dynamics of floc and
sediments in response to experimentally increased sheetflow.
2.4.3 Temporal trends
To assess temporal trends in Paq values, data were divided by sample type, and
separated by sampling year (Figure 2.4). Ridge sites for all years except 2016 were
statistically lower than all years for slough sites. A similar temporal trend is present for
slough sites, where sampling year 2016 is significantly higher than the previous three
years of samples. The Paq values of the marsh traps were all significantly higher than
ridge samples from 2013 to 2016, and much more closely related to slough than ridge Paq
values. A significant increase in ridge samples between 2013 and 2016 suggests that
more slough-derived organic matter is being retained on the ridges over time. Following
the increasing temporal trends observed for both ridges and sloughs, 2016 marsh trap
samples exhibit a considerably higher average Paq, indicating the entrainment of sloughlike sediments. These temporal trends may reflect the tendency for high flows to increase
water levels (by 11-12 cm maximum at the high flow sites; Dreschel & Sklar, 2017), and
longer hydroperiods associated with increased flow may shift towards a higher Paq
signature (Saunders et al. 2015), although the associated changes in vegetation expected
with a Paq shift are not yet evident in the test-plot. The increase in Paq during 2016 may
also reflect greater redistribution of organic matter due to the emergency flows, which
effectively increased the high flow period by 2.5 months. Regardless of drivers, the clear
distinction in Paq values between ridge and slough sources along with general increasing
temporal trends in floc and sediment samples provide evidence that, through consecutive
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years of increased flow, the sediments sampled in the DPM footprint are increasingly
slough-derived compared to baseline pre-flow samples.
To further investigate the effects of flow on mobilization of sediments from the
ridge-and-slough landscape, the dataset was again classified by sample type, but this time
was divided into groups based on flow conditions (Figure 2.5). “BEFORE” indicates low
flow samples collected prior to the first high flow event. “HIGH” samples were collected
during the three flow events, and “AFTER” samples were collected during low-flow
conditions after the three flow events. In addition, “CONTROL” sites are separated out
for comparison with samples collected along the southern flowpath (see shaded area in
Figure 2.1). As marsh sediment traps were unable to collect sufficient quantities of
sediment for analysis during low flow periods, all marsh values in Figure 2.5 correspond
to high flow and are therefore divided into ridge and slough for interpretation. As
observed in Figure 2.4, ridge samples have lower Paq values, where BEFORE, HIGH and
CONTROL groups are all statistically lower than both slough and marsh trap groups.
Also consistent with Figure 2.4, increasing Paq trends are evident for ridge and slough
floc samples from BEFORE to AFTER. It is interesting to note that both ridge and
slough floc exhibit a continued increasing trend in Paq after flow rates were reduced back
to low-flow conditions. Such a delayed response may suggest either continued settling of
sediments trapped in vegetation or that sediments with a strong slough signature continue
to mobilize for some time after flow disturbance. Of the two mechanisms, the former
seems more likely, as during the AFTER period, mid-water column velocities were <1
cm/s at all sites (C. Saunders, unpubl. data), including impact sites, below the typical
entrainment threshold of Everglades sediments (Larsen et al., 2009).
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The study site (Pocket) has been cut off from sheetflow for decades, resulting in
ponding and loss of ridge-slough microtopography (Ogden et al. 2005), converting the
landscape to a flatter, more drained region isolated from seasonal inundation. When
impoundment occurs, the standard bimodal distribution of elevation in ridge-and-slough
wetlands can shift towards a more homogenous, unimodal distribution (Watts et al.
2010). With these drier conditions, increased intrusion of marsh plants like sawgrass into
slough areas may occur (Bernhardt and Willard, 2009; Saunders et al., 2015). Based on
this, the increasing Paq trends at ridge and slough sites from BEFORE to AFTER may
initially reflect scouring of older, more ridge-like material deposited during impoundment
of the Pocket. Although measurable accretion occurs at inter-annual time-scales (<5
mm/year (Craft & Richardson, 1993)), and is therefore outside the temporal scope of the
current study, our data suggest that mobilized sediments are becoming increasingly
slough-like, and the consistency of this pattern at ridge sites suggests that these sediments
may be settling in ridge regions.
The CONTROL group for ridge sites is not statistically different from BEFORE,
HIGH, or AFTER, which is consistent with sites relatively unaffected by flow. In
contrast, CONTROL samples from slough sites are significantly more enriched in sloughlike material (or depleted in ridge-like material) relative to BEFORE and HIGH groups.
This likely reflects the fact that water depths at the C1 control site (both ridge and slough)
were on average 6 cm deeper than at RS1 (C. Saunders, unpubl. data). Potential
explanations for the unexpected behavior of the slough CONTROL site include flow
direction and site topography. Dye experiments to track flow from the S-152 structure
during increased flow conditions indicate that, contrary to expectations based on
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microtopography, much of the flow moved to the east in the direction of C1 rather than to
the south (Eric Cline, SFWMD, pers. communication;).
If influence of increased flow at C1 is partially responsible for the Paq patterns at
the slough CONTROL site, it would follow that similar patterns would be present for
ridge CONTROL sites, the majority of which were collected near the C1 slough site.
This is not evident in Figure 2.5, which could be explained by the large change in
elevation between C1 ridge and slough sampling sites, where the ridge topography may
attenuate local flow velocities (Larsen et al. 2009; Choi & Harvey, 2014). For context,
Watts et al. 2010 reported that conserved (i.e. relatively undisturbed) ridge-slough
landscapes show an average difference between ridge and slough elevations of 20 cm or
more, while impacted sites showed considerably smaller differences in the range of 0-15
cm. The elevation difference measured at C1 is 18.2 cm, falling nearer to a conserved
ridge-slough environmental, while the nearby Z6-1 site has an average elevation
difference of 8.6 cm (C.Saunders, unpubl. data).
Figures 2.4 and 2.5 clearly indicate mobilization of slough-like organic matter,
which agrees with the high Paq values present in advected sediment, collected from traps.
Consistent with the hypothesized role of flow in restoring corrugated ridge/slough
patterning, there is a clear temporal trend of increased Paq values in ridges, which can be
attributed to settling of mobilized slough materials on the edges of ridges due to
decreased flow velocities (Harvey et al. 2009; Larsen et al. 2011). However, a concurrent
increasing trend in the slough sites is somewhat unexpected, and may be an artifact of
decades of peat accretion in degraded sloughs that are more dominated by ridge
environments (Bernhardt and Willard, 2009), or possibly changes in the types of slough
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vegetation (Saunders et al., 2015) driven by flow. Given the short duration of flow
events and the slow pace of wetland soil accretion in general (2-4 mm/year in ideal
accretion conditions (Craft & Richardson, 1993)), the accretion in ridges or deepening of
sloughs cannot be assessed in the study at this time. This notwithstanding, the Paq
provides a robust metric to define relatively discrete ridge and slough sources of organic
matter, and temporal patterns support a general increase in the amount of slough material
being mobilized and entrained during increased flows.

2.5 Conclusions:
We applied a four-component suite of organic biomarkers to test the hypothesis that
increased sheetflow is a viable mechanism for restoring ridge-slough microtopography in
Everglades wetlands. Our data indicate that the Paq is the most applicable biomarker of
the four selected, because, as a ratio, it is impervious to variability in concentration, and it
clearly delineates ridge and slough sources of floc and sediments. Data collected along
ridge-to-slough transects and in the greater DPM footprint throughout three consecutive
periods of increased sheetflow clearly and consistently indicate that the Paq, and, by
proxy, the amount of slough-derived material relative to ridge material, is increasing over
time. Increasing trends suggest a shift from more ridge-like material to more slough-like
material being mobilized, which is confirmed by high Paq values for entrained sediments
collected by traps located in the marsh. The results presented provide initial validation of
the hypothesis that sheetflow can rebuild ridge-and-slough microtopography. Testing
hypotheses underpinning core tenets of hydrologic function in ridge-and-slough wetlands
at the landscape scale is an essential step towards implementation and adaptive
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management of Everglades restoration. The biomarker data presented here contribute to
a more comprehensive picture of how sheetflow impacts Everglades ridge-and-slough
landscape through sediment redistribution, a critical target for restoration.
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CHAPTER III

LONG-TERM ENVIRONMENTAL DRIVERS OF DOC FLUXES: LINKAGES
BETWEEN MANAGEMENT, HYDROLOGY AND CLIMATE IN A SUBTROPICAL
COASTAL ESTUARY
(Modified from Regier et al., 2016; Estuarine, Coastal and Shelf Science)
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3.1 Abstract:
Urban and agricultural development of the South Florida peninsula has disrupted
historic freshwater flow in the Everglades, a hydrologically connected ecosystem
stretching from central Florida to the Gulf of Mexico, USA. Current system-scale
restoration efforts aim to restore natural hydrologic regimes to reestablish pre-drainage
ecosystem functioning through increased water availability, quality and timing. Aquatic
transport of carbon in this ecosystem, primarily as dissolved organic carbon (DOC), plays
a critical role in biogeochemical cycling and food-web dynamics, and will be affected
both by water management policies and climate change. To better understand DOC
behavior in South Florida estuaries and how hydrology, climate and water management
may affect them, 14 years of monthly data collected in the Shark River estuary were used
to examine DOC flux dynamics in a broader environmental context. Multivariate
statistical methods were applied to long-term datasets for hydrology, water quality and
climate to untangle the interconnected environmental drivers that control DOC export at
monthly and annual scales. DOC fluxes were determined to be primarily controlled by
hydrology but also by seasonality and long-term climate patterns and episodic weather
events. A 4-component model (salinity, rainfall, inflow, Atlantic Multidecadal
Oscillation) capable of predicting DOC fluxes (R2=0.84, p<0.0001, n=155) was
established and applied to potential climate change scenarios for the Everglades to assess
DOC flux response to climate and restoration variables. The majority of scenario runs
indicated that DOC export from the Everglades is expected to decrease due to future
changes in rainfall, water management and salinity.
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3.2 Introduction
Organic matter (OM) is an important biogeochemical component in coastal
wetlands. Optically active fractions attenuate sunlight (Osburn et al. 2009), controlling in
situ and benthic primary production. OM regulates metal speciation and mobilization
(Yamashita & Jaffe 2008; Bergamaschi et al. 2012) and fuels microbial communities
(Tranvik 1998). Significant portions of organic nitrogen (N) and phosphorus (P) are
associated with dissolved OM (DOM) (Boyer et al. 1997; Boyer, 2006), controlling
nutrient availability and transport (Qualls & Richardson 2003). Recently, carbon (C)
cycling in coastal wetlands has attracted attention as an important global C sink
(Bridgham et al. 2006) through accretion of peat and mangrove soils (Breithaupt et al.
2012; Grimsditch et al. 2013). In addition, aquatic OM transport from wetlands to
coastal ocean margins, primarily as dissolved organic carbon (DOC), comprises a
significant component of global oceanic C budgets (Hedges et al. 1997). Annual to
decadal patterns and controls of DOC export have received significant attention in
northern latitudes where long-term increases in DOC concentration have been observed
in surface waters (Freeman et al. 2001; Worrall et al. 2004; Filella & Rodríguez-Murillo
2014). While hydrology is generally the primary control on DOC flux magnitudes, a
wide range of factors have been identified as potential drivers of long-term patterns and
changes in DOC export. For example, climate-controlled parameters including
temperature (Evans et al. 2005) and precipitation (Pumpanen et al. 2014), seasonal cycles
(Clark et al. 2005; Sánchez-Carrillo et al. 2009), land-use factors like drainage and water
management (Krupa et al. 2012) and nutrients (Dittmar & Lara 2001) have all been
linked to long-term trends and patterns of DOC transport. However, equivalent
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understanding of DOC flux in lower latitude systems is lacking (Filella & Rodriguez
2014) with little to no information on annual to decadal C export trends in many areas,
including the Florida Everglades. As these regions contain some of the most productive
ecosystems on earth and face mounting pressures from anthropogenic and climatic forces
(Erwin 2009; Mitsch & Hernandez 2013), closing this knowledge gap is crucial to
constrain global C export estimates.
Along with global ramifications, the environmental controls of DOC transport
have important system-scale implications for environmental management and restoration
projects like the Comprehensive Everglades Restoration Plan (CERP). Historic drainage
and development of the Florida Everglades has compartmentalized the previously
hydraulically connected flow path, isolating downstream regions including Everglades
National Park (ENP) from natural freshwater delivery patterns (McVoy et al. 2011).
Restoration efforts guided by CERP are focused on “getting the water right” by
increasing freshwater delivery to ENP while maintaining water quality standards (Sklar et
al. 2005). However, progress is hindered by uncertainty regarding ecosystem response to
altered freshwater flow regimes and the potential impacts of climate change, specifically
sea-level rise (SLR) (Estenoz & Bush, 2015). This is particularly important in the
estuarine region of ENP which is highly susceptible to saltwater intrusion due to lowlying topography and karstified bedrock but simultaneously dependent on freshwater
inflows controlled by water management infrastructure (Price et al. 2006; Saha et al.
2012). While significant efforts to constrain C budgets in ENP have refined our
understanding of how C moves through the Everglades (Romigh et al. 2006, Bergamaschi
et al. 2012, Troxler et al. 2013, Cawley et al. 2014,), a critical knowledge gap regarding

51

the patterns, magnitudes and drivers of DOC fluxes at annual to decadal temporal scales
remains. This is important information for adaptive management of Everglades
restoration (Nungesser et al. 2014) since current studies of OM fate and transport rarely
span more than a year or two, limiting our understanding of the impact that drivers acting
at annual timescales (e.g. land use, water management and climate) may have. Due to the
lack of long-term DOC flux information in the Everglades (Childers, 2006), the drivers of
annual to decadal DOC export are not well understood for this system. This study seeks
to address this knowledge gap through interpretation of long-term DOC flux data along
the primary drainage of ENP, Shark River Slough by addressing two questions:
1. What drives monthly and yearly variation of DOC fluxes in the Shark
River?
2. What changes in DOC fluxes are predicted by these drivers based on
climate change scenarios for the region?

3.3 Methods:
3.3.1 Site description
Shark River Slough (SRS), located at the northern border of ENP, is a low-lying
marshy area whose channels deliver the majority of fresh water flowing through the
Everglades. This slough spans salinity and vegetation gradients, with freshwater wetlands
in the northern slough dominated by sawgrass and 0.3-1.5 m of organic-rich peat soils on
top of karstified carbonate bedrock draining into the Shark River estuary, the largest
contiguous mangrove forest in the continental USA (Lodge 2010). The estuary empties
into Ponce de Leon Bay, a shallow embayment connected to the Gulf of Mexico. This
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study focuses on data collected at or near SRS-5 (Figure 3.1), a long-term sampling site
for the Florida Coastal Everglades Long-Term Ecological Research project (FCE-LTER,
fcelter.fiu.edu). SRS-5 was selected for its mid-estuarine location adjacent to USGS
hydrologic gage #252230081021300. The Everglades has distinct seasonality, with a dry
season from November-April and a wet season from May-October. Since seasonal
transition periods make defining the start and end of the wet season ambiguous, a
threshold of 70 mm for average monthly rainfall during 2001-2014 was used to confirm
the seasonal division of months for this study. The wet season receives more than 60%
of annual rainfall (Duever 1994) with lower salinities throughout the tidal region, and
increased temperatures leading to higher evapotranspiration (ET) rates. Inflows from
water management structures to ENP also follow seasonal hydrologic patterns but
generally lag behind rainfall patterns by 1-2 months.
3.3.2 Data collection
The selection of variables for multivariate analysis and modeling was guided in
part by a conceptual ecological model for the South Florida water column presented in
Wingard and Lorenz (2014). The model provides a general framework of drivers,
pressures and ecological processes linked to a range of measureable attributes and
ecosystem services (Appendix 3.4) and “Hydrology and water quality” was selected as
the measureable attribute most representative of DOC fluxes. Variables identified as
potentially relevant to DOC fluxes based on the linkages in the conceptual model were
included in the study only if available data covered the entire time-period for the study
and minimal gap-filling (<10%) was required. As indicated by the conceptual model,
variables selected to explain DOC fluxes cover a broad spectrum of processes from
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system drivers to ecosystem services. While this approach allows for assessment of
potential drivers across a broad range of temporal and spatial scales, it is likely that
feedback loops and/or redundant variables exist within the selected dataset.
Data collection focused on FCE-LTER data products, which provide continuous
monthly coverage of water quality parameters from May 2001 to September 2014, with
additional inputs from USGS hydrology and NOAA climate data resources (Table 3.1).
When multiple datasets for the same parameter were available, preference was given to
higher frequency measurements that are more likely to accurately capture rapid
fluctuations that represent key ecological events in temporally variable ecosystems
(Kirchner et al. 2004; Krause et al. 2015). All variables were binned (averages or sums)
to monthly and yearly resolutions for monthly and annual analysis. Multiple parameters
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were collected from a common dataset when possible since sampling at different points
in the tidal cycle, even on the same day, can produce varied results (e.g. Twilley 1985).
Measurements of a particular unit type (e.g. units of distance) were normalized to
common units (e.g. mm). DOC fluxes were calculated as the product of monthly DOC
concentrations and monthly sums of tidally filtered discharge (m3/month). Gap-filling of
missing values via multiple imputation using the ‘Amelia’ package in R (Honaker et al.
2011). Each missing value was filled with the average of five imputation runs, with no
gaps longer than 2 consecutive entries were filled (53 imputed values filled, less than 2%
of total data-set). For detailed information on data collected for multivariate statistics,
see Appendix 3.1.
3.3.3 Statistics
The Seasonal Mann-Kendall test was used to determine if significant long-term
trends were present for each variable (Hirsch et al. 1982), using the “Kendall” package in
R (McLeod, 2011). Multivariate analyses of z-score normalized data were conducted
using Principal Component Analysis (PCA) performed with all variables in Table 3.1
using the JMP® Version 12 statistical package (SAS Institute Inc., Cary, NC, 19892007). Since DOC flux is calculated from DOC concentration and discharge and is
therefore dependently related to these variables, PCA plots for monthly and annual data
were first plotted with DOC flux removed from the variable pool and then with DOC
concentration and discharge removed but keeping DOC flux. Wilcoxon rank sums tests
indicated that PC loadings including and excluding DOC concentration and discharge
were not statistically different for monthly (Z=0.19, p=0.84) or annual (Z=0.08, p=0.93)
datasets. Thus, although a dependent relationship is present, it does not affect the
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interpretations made in the following sections and DOC flux is plotted for PCAs as a
convenient reference point.
3.3.4 Modeling DOC fluxes
Modelling of DOC fluxes was conducted using all the variables from multivariate
analysis (excluding DOC concentration and discharge) as independent variables, with
model selection and validation conducted in JMP. To avoid over-fitting, parameters were
selected via backwards stepwise regression using the lowest Akaike Information
Criterion (AIC) and Bayesian Information Criterion (BIC) values as cutoffs (Akaike,
1974; Schwarz, 1978). Four independent variables were selected via stepwise regression
for modelling DOC fluxes: salinity, rainfall, inflow and AMO. It is noted that salinity
correlates to discharge, and was used to calculate DOC fluxes. However, salinity
represents an important parameter for interpreting estuarine processes, particularly in the
Shark River due both to unique “upside-down estuary” characteristics where salinity
mediates primary productivity in the mangrove ecotone (Childers et al. 2006) and high
vulnerability saltwater intrusion due to topography. For this reason, salinity remained in
the model, though it is important to consider this relationship when interpreting model
results. The four-component model yielded AIC and BIC values of 6910.26 and 6927.56,
respectively, and was selected over a three component model excluding AMO
(AIC=6920.35, BIC=6934.84) and a five component model including SL (AIC=6909.87,
BIC=6929.94). Components selected as predictors were tested for normality using the
Shapiro-Wilk test (Shapiro & Wilk, 1965) and non-parametric components were
transformed via Box-Cox transform methods (Box & Cox, 1964). Next, DOC fluxes
were modeled with both transformed and untransformed predictor variables using
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multiple linear regression with a standard least squares model personality. The final
model was selected from all possible configurations of transformed and untransformed
predictors by the highest R2 value. Model components were validated by t-ratios and the
overall model was statistically validated by the ANOVA-derived F-ratio, with model
error determined by the individual 95% confidence intervals for each point and the
standard error for the model as a whole (see Appendix 3.2).
3.3.5 Modeling DOC flux response to climate change
After model construction, a range of climate change scenarios based on recent
downscaled climate modeling of ENP over a 50-year time window (Obeysekera et al.
2014) were used to manipulate model predictor variables (Table 3.3). For all scenarios, a
1.5°C increase in temperature with an associated increase in evapotranspiration, and sealevel rise (SLR) of 0.46 m is assumed (Obeysekera et al. 2014). Downscaled global
climate models (GCMs) for the Greater Everglades Ecosystem (GEE) do not have
sufficient resolution to determine if long-term precipitation trends will increase or
decrease so both +10% rainfall (+RF) and -10% rainfall (-RF) conditions were
considered. The accompanying changes for inflows were an increase of 22% for +RF or
a reduction for –RF of 58% (Obeysekera et al. 2014). For consistency with previous
nomenclature, +ET was added to +RF and –RF giving two basic scenarios: +RF+ET and
–RF+ET (Obeysekera et al. 2014). Other parameters selected as model predictors that
weren’t explicitly quantified by Obeysekera et al. 2014 were adjusted based on best
available estimates (see Section 3.4.4).
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3.4 Results:
3.4.1 DOC concentration, discharge and DOC flux patterns
DOC fluxes were calculated from DOC concentration and discharge (Figure 3.2).
DOC concentrations are significantly lower (p<0.05) in the wet season which is attributed
to dilution from increased freshwater delivery to the estuary, though clear seasonal
patterns were not observed. The periods of lowest DOC concentration correspond to the
two periods of extended drought (2007 and 2010-2011), followed by increased
concentrations post-drought.
In contrast to DOC concentration, discharge has a clear seasonal signature with
onset of the wet season corresponding to increasing discharge following approximately a
one-month lag. Decreased rainfall and inflows translate to the lowest discharge year
during 2007, the period of most pronounced drought during this study. In 2010-2011,
drought is also associated with low discharge, although not as pronounced as 2007.
Tropical storms also appear to influence discharge regimes, with the highest discharge for
a full year in 2005 corresponding to the only two hurricanes (Katrina and Wilma) during
this time-period. Tropical storms Ernesto (2006) and Fay (2008) are also associated with
increased discharge, while tropical depressions Ivan (2004) and Bonnie (2010) do not
have apparent impacts on discharge.
DOC flux patterns combine the influences of DOC concentration and discharge,
but are primarily driven by discharge (R2=0.96) compared to DOC (R2=0.03)
(coefficients of determination for all variables in Table 3.1 at monthly and annual
temporal resolution are located in Appendix 3.6 and Appendix 3.7, respectively). As with
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discharge, DOC fluxes increase with tropical storms and decrease during periods of
extreme drought.

3.4.2 Principal component analysis
PCA techniques were applied at monthly and yearly temporal resolution (Figures
3a and 3b, respectively) for dimensional reduction of the wide range of environmental
variables to find the primary sources of variability within the dataset. The number of
principal components selected was based on the knee of the scree plot of eigenvalues
with only eigenvalues explaining 15% or more of variability in the dataset allowed (two
components were selected for each PCA). Rotation of principal components did not
improve variability explained for monthly or yearly data (monthly PC1+PC2 variability
explained: 53.6% (un-rotated) versus 53.5% (rotated); yearly PC1+PC2 variability
explained: 59.9% (un-rotated) versus 59.9% (rotated)). The strength of association
between variables and each of the principal components is presented in loading plots
(Figure 3.3a and 3.3c) and the relationships between principal components and each
observation are shown as score plots (Figure 3.3b and 3.3d).
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3.4.2.1 Monthly principal component analysis
The monthly loading plot (Figure 3.3a) clearly shows that DOC fluxes are closely
associated with PC1 (loadings presented in Appendix 3.5). PC1 also couples with
discharge, inflow and water level (loadings of 0.91, 0.85 and 0.91, respectively) all of
which link to freshwater hydrology. Negative PC1 correlates most strongly with salinity
(loading of -0.84), a further indication that PC1 relates to freshwater discharge to the
estuary. PC2 exhibits a weak relationship to DOC flux (loading of -0.16), but strong
positive correlations with temperature, ET and RF (loadings of 0.82, 0.90 and 0.72,
respectively), indicating a link to seasonal climatic patterning. As rainfall is the largest
freshwater input to the Shark River (Saha et al. 2012), RF patterns would be expected
strongly correlate to freshwater delivery and therefore DOC fluxes. However, only a
weak correlation between RF and flux exists (R2=0.11, Appendix 3.6) while flux and inflow
more closely co-vary (R2=0.48, Appendix 3.6). This is likely due to the spatially distributed
nature of rainfall versus point-source inputs from inflow structures. Furthermore, rainfall
is highly variable from day to day while inflow magnitudes exhibit a less variable
hydrograph (see inflow data, http://waterdata.usgs.gov/ and precipitation data,
http://sofia.usgs.gov/eden/). The score plot for monthly data (Figure 3.3b) reaffirms the
association of PC1 with hydrology and PC2 with seasonal climate. Wet season and dry
season points clearly separate along PC2 with high flux months positioned at positive
PC1 and low flux months at negative PC1 values.
3.4.2.2 Annual principal component analysis
The annual loading plot (Figure 3.3c) gives a similar explanation for PC1 as
observed in Figure 3.3a (2001 and 2014 are excluded as incomplete years). DOC fluxes
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correlate strongly with PC1 which again is primarily associated with freshwater
hydrology, represented by discharge, inflow and WL (loadings of 0.78, 0.81 and 0.82,
respectively). However, seasonality does not explain PC2 even though temperature and
RF are still the primary separator variables. Unlike Figure 3.3a, temperature and RF in
Figure 3.3c act as end-members along the yearly PC2 axis (loadings of 0.93 and -0.91,
respectively), indicating a decoupling of seasonally correlated variables. In addition, ET
is no longer strongly associated with PC2. The third strongest PC2 correlation is AMO, a
decadal climatic index associated with long-term RF and temperature patterns (Knight et
al. 2006), although a much weaker relationship is observed (loading = -0.56). Both AMO
and RF are negatively correlated to PC2, suggesting annual trends in climate that
influence temperature and rainfall patterns are likely primary drivers of PC2.

In the annual score plot (Figure 3.3d), a division between high and low flux years
(relative to the average annual flux of 1.06*1010 mg C d-1) separates the dataset with high
flux years clustering at positive PC1 values and low flux years clustered at negative PC1.
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This division aligns directly with AMO and perpendicular to ENSO, the two long-term
climatic indices included in multi-variate statistics. The influence of each index in
separating years can be understood by its axis which runs orthogonally to its loading
vector. AMO, which correlates to RF at monthly and annual scales, divides drought and
hurricanes with all storm years located at negative PC2 values. In contrast, ENSO’s axis
separates low flux years from high flux years.
3.4.2.3 Nutrients and DOC dynamics
As the majority of nitrogen and phosphorus pools in the Everglades are associated
with DOM, it is assumed that TN and TP co-vary in some manner with DOC. Nutrients
play critical roles in the oligotrophic coastal estuaries of ENP, particularly P, which is the
limiting nutrient of primary productivity in the mangrove ecotone (Childers et al.
2006). However, only weak associations for TN and TP are observed with DOC
concentrations or fluxes for this data-set (see Figure 3.3 and Appendices 3.6 and
3.7). These relationships will not be discussed further in this study, but readers are
directed towards an array of publications focused on N and P dynamics in ENP (e.g.
Price et al. 2006, Briceño & Boyer, 2014, Orem et al. 2015).
3.4.3 Modeling long-term DOC fluxes
Multiple linear regression modeling of four independent variables (salinity,
rainfall, inflow and AMO) explained 78% of the variance in DOC fluxes during the 14
years of the study (Figure 3.4a) with salinity contributing the most predictive power to
the model followed by inflow, rainfall and AMO (see Appendix 3.8). As non-normality
was observed in predictor variables, transformed variables were remodeled as described
in Methods section 3.3.4. A four-component model was again selected (AIC=6866.99,
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BIC=6884.29) and performed better than either the three-component model
(AIC=6880.65, BIC=6894.14) or five-component model (AIC=6866.42, BIC=6886.49).
The final model (Figure 3.4b) contained transformed salinity (power of 0.1) along with
untransformed rainfall, inflow and AMO and predict 84% of DOC flux variability. Of
the four predictors, log-transformed salinity provided the most modelling power (60.4%),
followed by rainfall, inflow and AMO (20.8%, 11.1% and 7.7% of total model power,
respectively) as shown in Table 3.2. The root mean square error for the final model was
3.79E+9 mg C d-1 (or ±37.1%). Although techniques like Monte Carlo resampling may
be beneficial for reducing this uncertainty, they were beyond the modelling scope of the
present study.
Table 3.2: DOC flux model predictor
variables
Initial Model
Source % model power* p-value
Sal
52.5%
<0.0001
Inflow
20.2%
<0.0001
RF
20.0%
<0.0001
AMO
7.4%
0.0004
Source
LogSal**
RF
Inflow
AMO

Final Model
% model power*
60.4%
20.8%
11.1%
7.7%

p-value
<0.0001
<0.0001
<0.0001
<0.0001

* percent of total model predictive power
provided by individual predictor variables
** log-transformed salinity
It is noted that the change between normal salinity and log-transformed salinity as
a model predictor altered the power distribution for model components, with salinity,
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rainfall and AMO each increasing in modeling power (+17.3%, +4.2% and +1.7%,
respectively) while inflow decreased by 5.3%. While this is an important reminder of
how data transformation of independent variables can strongly alter model outputs, it is
noted that the general drivers stayed the same between models. In both, salinity is the
strongest independent variable (more than double the modeling power of any other
parameter) while the influence of freshwater (RF and inflow) does not change
appreciably between the two model runs (31.9% of predictive power for the original
model vs. 33.0% for the log-transformed salinity model). Thus, while the results of
modeling are sensitive to changes in parameters, it is observed that the general
implications of the original model are not considerably changed in the final model. As an
additional check of model sensitivity, 10 random noise variables of different magnitudes
were inserted into the candidate pool of predictors and stepwise regression was rerun.
The four original model components were selected, providing evidence that the model is
not sensitive to random noise. For additional model validation, see Appendix 3.2.
3.4.4 Predicting DOC flux response to climate change forecasts
For the four components selected for the DOC flux model, rainfall and inflows
were both explicitly modeled (see Section 3.3.5), while salinity and climate impacts from
AMO were not (Obeysekera et al. 2014). Salinity and sea-level are not strongly
correlated during this study, likely due in part to the strongly skewed distribution of
salinity (Shapiro-Wilk test: W=0.95, p<0.0001) compared to normally distributed sea
level (Shapiro-Wilk test: W=0.99, p=0.43). Several treatments were applied to +RF+ET
and –RF+ET scenarios to represent the broad range of potential salinity changes over 50
years of SLR. The treatments were no increase (+0), a conservative increase (+1), a
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moderate increase (+5) and a large increase (+10), equivalent to +76% of the median
salinity (13.1) at SRS-5 during the study period. The final model parameter, AMO,
varies on a 60-year oscillation following the North Atlantic Oscillation (Sun et al. 2015),
making it difficult to predict changes over a 50-year window. As such, AMO was treated
as static for all forecasting scenarios.
Table 3.3 Changes in predictor variables for modeling DOC flux
response to climate change scenarios
Scenario
+RF+ET
+RF+ET+1
+RF+ET+3
+RF+ET+5

RF
+10%
+10%
+10%
+10%

Inflow
+22%
+22%
+22%
+22%

Salinity
0
+1
+5
+10

% Change*
+7%
-5%
-42%
-77%

-RF+ET
-RF+ET+1
-RF+ET+3
-RF+ET+5

-10%
-10%
-10%
-10%

-58%
-58%
-58%
-58%

0
+1
+5
+10

-13%
-24%
-61%
-96%

+RF+ET: 10% increased RF; -RF+ET: 10% decreased RF
* % change in average DOC flux compared to 2001-2014 average
DOC fluxes were calculated for each scenario by manipulating predictor variables
according to Table 3.3, with the average change for DOC fluxes throughout the study
period reported as % change (Table 3.3). For +RF+ET with increased inflows and static
AMO, baseline salinity (+0) resulted in the only increased DOC flux prediction (+7%) of
all modeled scenarios, while for –RF+ET, baseline salinity conditions resulted in a -13%
change in DOC fluxes over the study time-period. A conservative +1 increase in salinity
yields 5% and 24% decreases in average DOC fluxes for +RF+ET and –RF+ET scenarios
respectively, while +5 and +10 salinity scenarios forecasted significant decreases in DOC
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fluxes greater than the 37.1% average model error. Thus, only dramatically increased
freshwater inflows combined with a very conservative estimate for SLR will maintain
current DOC flux regimes, while either a decrease in rainfall or increase in SLR suggest
considerable reductions in export of DOC from the region.

3.5 Discussion:
3.5.1 Long-term DOC flux drivers
3.5.1.1 Hydrology controls monthly DOC fluxes
As would be expected in an estuarine system, freshwater and saltwater inputs act as
endmembers along the hydrologically controlled monthly PC1 axis, with DOC flux correlated
more strongly to inflows than RF (Figure 3.3a). Similar patterns for annual data confirm
the crucial role water management plays across time-scales in hydrology-mediated
transport of DOC through ENP (Figure 3.3b). These results match previous findings by
Saha et al. 2012 indicating that, while RF provides the majority of freshwater to the
Shark River, inflows control freshwater delivery patterns, maintaining ecosystem
function and hydrologic connectivity along the Everglades flow-path. The strength of
this relationship indicates that variables associated with PC1 are useful proxies for
freshwater inputs (variables positively correlated to monthly PC1) and saltwater influence
(variables negatively correlated to monthly PC1). These proxies are seasonally robust,
with PC1 strongly correlating to both wet season and dry season DOC fluxes (R2=0.77
and 0.79, respectively).
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3.5.1.2 Climatic control of DOC fluxes
Linkages between ENSO and DOC export have been reported elsewhere
(Mengitsu et al. 2013; Ovalle et al. 2013) and ENSO is already identified as a strong
predictor of discharge patterns across time-scales ranging from years (Ovalle et al. 2013)
to centuries (Wanders & Wada, 2015). However, modelling results determined that
AMO, not ENSO, is the better climatic index for predicting monthly DOC fluxes for this
dataset (Table 3.2). As AMO varies on an oscillation of approximately 60 years that
follows the North Atlantic Oscillation (Enfield et al. 2001; Sun et al. 2015), it is
interesting that a study covering just 14 years identifies AMO co-varying with DOC
fluxes at annual resolution. Furthermore, AMO is currently two decades into a positive
phase, suggesting a transition to a negative phase within the next several decades is likely
(Drinkwater et al. 2014). Historical data for the region indicated that inflows to Lake
Okeechobee in the headwaters of the GEE were cut in half between consecutive positive
(1930-1964) and negative (1965-1990) AMO phases (Enfield et al. 2001). Thus, it is
expected that as AMO transitions from positive to negative in the coming decades,
freshwater delivery to the region via RF will decrease dramatically.
Results from this study suggests that, while RF and temperature are seasonally
correlated (Figure 3.3a), annual patterns are diverging (Figure 3.3c). Multi-decadal
trends in RF and temperature data collected at the Flamingo Ranger Station (28 km from
study site, data retrieved from fcelter.fiu.edu/data/core/) show a significant increasing
trend for temperature (tau=0.07, p<0.05, Appendix 3.9) and a non-significant decreasing
trend for RF (tau=-0.02, p=0.50, Appendix 3.9). RF trends during the wet season have
already been reported for Florida using century time-scale data (Irizarry-Ortiz et al.
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2013). Together, increasing temperature (and subsequently increasing ET) combined
with decreasing RF and a potential negative shift in AMO (see section 3.5.1.2) all point
towards climate-induced reductions in freshwater availability to the estuary.
3.5.1.3 Drought and DOC fluxes
The relationship between PC2 and extreme weather events (Figure 3.3d) indicates
the influence of episodic (tropical storm) and persistent (drought) events on annual DOC
export regimes. Drought years are associated with below average DOC fluxes due to
reduced rainfall and associated reductions in discharge to the Shark River (Figure 3.3c).
For upstream wetland regions, higher drought means lower water levels, disrupting
anoxic conditions favorable for peat accretion. While several studies support increased
DOC loss from wetlands under enhanced drought conditions (Freeman et al. 2001; Ise et
al. 2008; Fenner & Freeman, 2011), evidence has emerged that does not support the
correlation between drought and DOC loss (Laiho 2006; Muhr et al. 2010), with some
studies suggesting enhanced accumulation based on environmental feedbacks like
phenolic inhibition of soil respiration (Wang et al. 2015). As such, the negative
relationship between drought and DOC fluxes observed anecdotally for 2007 and 2010
(Figure 3.2) may represent the relationship between discharge and flux. However, it does
not account for potentially contradictory drought impacts on the balance between
accumulation and decomposition of peatlands upstream which contribute a large portion
of DOC exported by the Shark River (Cawley et al. 2014) and could therefore
dramatically alter DOC concentrations entering the estuarine ecotone.
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3.5.1.4 Storms and DOC fluxes
The influence of episodic storm events on DOC flux magnitudes is observed for
each of the 6 months associated with storms (vertical lines in Figure 3.1), each of which
surpasses the 90th percentile for monthly DOC fluxes for this study. As a group, these 6
months have significantly higher DOC flux values than either the average wet season or
dry season fluxes (Wilcoxon test, p=0.023 and p=0.0003 respectively). Immediate and
delayed storm impacts on DOC fluxes are most evident for Hurricane Wilma, the
strongest storm to hit the estuary during the study period. Following the storm, DOC flux
values spiked above the 97.5% percentile, the highest flux rate between 2003 and 2014
(Figure 3.1). Deposition of up to 4.5 cm of calcareous sediment and a 3 m storm surge
associated with Wilma destroyed large portions of the coastal mangrove (CastañedaMoya et al. 2010). These changes have since altered sediment composition along the
estuary (Breithaupt et al. 2012) and primary production as mangrove forests recover
(Castañeda-Moya et al. 2010), processes that continue to influence long-term DOC
production and transport. With intensity of tropical storms predicted to increase due to
future changes in climate (IPCC, 2014), it is anticipated that DOC export will be
increasingly affected by these events.
3.5.2 Modelling long-term DOC fluxes
Of the four model predictors identified for the final model, the three most
powerful predictors relate to the estuarine salinity gradient which is controlled by
freshwater inputs, tidal influence and long-term SLR trends (estimated at 2.61 mm yr-1
for ENP by Stabenau et al. 2011). Accelerating SLR rate projections along with
uncertainty surrounding future freshwater availability to the coastal ecotone highlight the
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increasingly important function of the salinity gradient in regulating C export in the
coastal Everglades (SFRCC, 2011; Obeysekera et al. 2014). Future changes in inflow
will be based on water management decisions which will, in turn, be based on availability
of freshwater supplies as increasing urban demand is fed from the same freshwater stocks
used for water management inflows to ENP. While AMO is not directly related to the
balance of freshwater and saltwater here, it has been linked to long-term rainfall,
temperature and freshwater flow changes. As such, it constitutes a key climatic driver of
water budgets and wet/dry year patterning (Enfield et al. 2001; Moses et al. 2013) and
potentially long-term DOC trends (Mengitsu et al. 2013). Thus, all four model
components seem to be inter-related, with the three most powerful predictor variables
possibly driven at annual time-scales by AMO.
3.5.3 Predicting the effects of climate change scenarios on DOC fluxes
The +RF+ET run with no salinity change is the only scenario that predicts higher
DOC fluxes, with more rainfall driving higher freshwater inflows to the coastal mangrove
fringe (Table 3.3). More freshwater delivery will maintain stage in peat wetlands,
minimizing oxidative loss of sequestered peat reserves while promoting C storage
through primary production. In the estuarine zone, increased rainfall is expected to
maintain the brackish ecotone, minimizing DOC loss from salinity-induced peat collapse
and subsequent coastal erosion of organic-rich mangrove soils. However, the +RF+ET
scenario with no change in salinity implies negligible impacts from sea-level rise, a
highly unlikely scenario based on GCM predictions (IPCC, 2014). Under the +RF+ET
+1 scenario (Table 3.3), freshwater inputs will mostly keep pace with rising seas,
preserving the current salinity gradient and flux regimes. However, moderate or strong
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salinity increases associated with SLR could shift the balance between decomposition
and accretion of carbon (Larsen et al. 2010a). Potential die-offs of salt-intolerant
communities due to enhanced saltwater intrusion could destabilize sequestered organicrich sediments, leading to significant losses of current below-ground C stores (Orem et al.
2015) and altering the quality and quantity of DOC produced (Maie et al. 2006).
All decreased rainfall (-RF+ET) scenarios predict a net reduction in DOC flux due to
diminished freshwater delivery to the estuary (Table 3.3). Reduced precipitation regimes
are predicted to lower water levels across ENP by 0.1-0.2 m (Obeysekera et al. 2014),
with a potential drop of up to 0.3 m in ridge-and-slough wetlands (van der Valk et al.
2015). This could increase hydrologic exchange with deeper pore water which exhibits
higher DOC concentrations than surface water in both ridge and slough sub-ecosystems
(Larsen et al. 2010b). Historically dry years will become the new average, accompanied
by a narrowing of the SRS flow-path resulting in exposure of submerged peat deposits
which could trigger oxidative peat loss (Orem et al. 2015). As submerged C stocks are
exposed to dry-down conditions during prolonged drought, they will be more prone to
wildfires which export OC from the system primarily through oxidation to CO2 rather
than aquatic transport as DOC (Page et al. 2002). Decreased freshwater pressure may
also enhance saltwater intrusion via coastal groundwater discharge (Price et al. 2006)
with consequent pulses of saltwater into freshwater wetlands anticipated to decrease
DOC export from marshes (Morris et al. 2002; Chambers et al. 2013).
With enhanced saltwater intrusion based on higher salinity –RF+ET scenarios,
both inundation and salinity are expected to increase in coastal regions. The combination
of these factors has been shown to raise DOC concentrations in pore water, estimated at

73

+23% based on an 8 cm rise in water level for the Shark River (Chambers et al. 2014).
Since soils farther upstream in the Shark River estuary have higher %OC content than
downstream soils (Krauss et al. 2006), it is predicted that increased tidal action in the
upper estuary due to decreased freshwater pressure may mobilize organic-rich sediments
into the Shark River channel, increasing DOC concentrations. These potential changes
support earlier evidence that larger tidal ranges due to enhanced saltwater intrusion are
connected to greater C losses to the coastal ocean (Twilley et al. 1992). In general, RF+ET conditions appear to indicate that DOC concentrations are expected to increase.
However, the potential impact of increased DOC concentrations is overwhelmed by
dramatic decreases in discharge associated with decreased RF, driving reduced DOC
export regimes.
3.5.4 Long-term DOC flux trends in the Shark River
Linear regression of the monthly DOC flux time-series indicates an average
annual flux rate decrease of 4.41*108 mg C d-1, equivalent to -4% annual. While the
regression slope is significant (t-ratio=-2.17, p=0.03), the line fits the data poorly
(R2=0.03) and no significant trend is detected using the Seasonal Mann-Kendall test
(tau=-0.0548, p=0.302, Appendix 3.9). Although these statistics may limit confidence in
this trend, total organic carbon (TOC) concentration records indicate consistent declines
throughout South Florida from 1993-2008 and TOC is still declining in the Florida Keys
at a rate of -2% to -4% annually (Briceño & Boyer 2014). Furthermore, these findings
closely match predictions of global riverine DOC export trends, estimated at -1.5% by
2030 and -2.1% by 2050 (Seitzinger et al. 2010). Based on model scenario forecasts, it is
expected that these trends will strengthen as climate and management drivers limit
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discharge to the Shark River. DOC concentration declined significantly during the study
period by <1% (p=0.04) while the decreasing trend observed for discharge was not
significant (-3%, p=0.12). This contrasts with long-term increasing DOC concentration
trends across a range of higher latitude systems (Filella & Rodríguez-Murillo 2014) and
may be related to long-term increases is latitudinal decoupling of AMO altering RF and
temperature patterns (Enfield et al. 2001).
3.5.5 Regional and global implications
The primary challenge for Everglades restoration is "getting the water right",
meaning a return to historic quality, quantity and timing of freshwater flows delivered to
ENP (Sklar et al. 2005). Water management inflows are identified as a key driver of
DOC fluxes in this study, meaning feedback from hydrologic restoration on C export is
expected. Additionally, long-term climatic patterns (observed here through AMO and
ENSO) and episodic climate events (storms and droughts) play significant roles in
regulating long-term DOC fluxes in the Everglades, and scenario modeling forecasts a
dramatic drop in DOC fluxes in response to reduced rainfall and increased saltwater
intrusion from sea-level rise. Although increased inflows associated with hydrologic
restoration will likely help offset decreased DOC flux rates, reduced rainfall scenarios
suggest limited freshwater available for water management in ENP. Changes in
freshwater stage and estuarine discharge due to inflow reductions may affect ENP C
sequestration capacity, an ecosystem service currently valued at over $1 billion
(Richardson et al. 2014).
From a global perspective, smaller watersheds like the Shark River have generally
been excluded from C export assessments due to insufficient data coverage for modeling
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(Laurelle et al. 2013). However, tidal wetlands and estuaries like the Everglades that
occupy a small percentage of coastal areas worldwide are estimated to sequester up to
one third of all the organic C buried in coastal oceans (Bauer et al. 2013). Furthermore,
area-normalized flux rates for this study (see Appendix 3.3) are more than three times
larger than average export rates reported for global rivers (Harrison et al. 2005). The
potential of smaller rivers, particularly those draining carbon rich coastal ecosystems, to
influence global carbon budgets highlights the importance of characterizing these systems
and incorporating them into existing export models to more accurately constrain global C
budgets and better model the impacts of climate change on coastal and ocean
biogeochemistry.

3.6 Conclusions
This study utilized long-term datasets to assess drivers of DOC fluxes over
decadal temporal scales (2001-2014) for the Shark River estuary. Through multivariate
analysis and modeling in the context of climate change predictions for the region, several
important drivers were identified and the implications of predicted climatic shifts
discussed. Important findings from this study include:


Freshwater discharge, controlled by natural and managed freshwater sources,
regulates DOC fluxes



DOC fluxes were altered by drought (decreased fluxes) and tropical storms
(increased fluxes)



Salinity, rainfall, water management inflows and AMO are important predictors
of DOC fluxes, modeling 84% of all DOC flux variability during the study period
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Modeling based on climate change scenarios generally predicts decreased DOC
fluxes, with increased rainfall and minimal sea-level rise required to maintain
current flux magnitudes
The data presented in this study only represents a small portion of the complex

interactions between climate, management, hydrology and biogeochemistry (e.g.
Appendix 3.4). Additional studies, both long-term and short-term, that incorporate interdisciplinary (hydrological, biogeochemical, climatic) datasets are needed to continue
untangling the response of coastal ecosystems like the Everglades to changes in
management and climate.
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CHAPTER IV

SHORT-TERM DISSOLVED ORGANIC CARBON DYNAMICS REFLECT TIDAL,
WATER MANAGEMENT, AND PRECIPITATION PATTERNS IN A
SUBTROPICAL ESTUARY
(Modified from Regier & Jaffe, 2016; Frontiers in Marine Science)
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4.1 Abstract
Estuaries significantly impact the global carbon cycle by regulating the exchange
of organic matter, primarily in the form of dissolved organic carbon (DOC), between
terrestrial and marine carbon pools. Estuarine DOC patterns are complex as tides and
other hydrological and climatic drivers can affect carbon fluxes on short and long time
scales. While estuarine and coastal DOC dynamics have been well studied, variations on
short time scales are less well constrained. Recent advancements in sonde technology
enable autonomous in situ collection of high frequency DOC data using fluorescent
dissolved organic matter (FDOM) as a proxy, dramatically improving our capacity to
characterize rapid changes in DOC, even in remote ecosystems. This study utilizes highfrequency FDOM measurements to untangle rapid and complex hydrologic drivers of
DOC in the Shark River estuary, the main drainage of Everglades National Park, Florida.
Non-conservative mixing of FDOM along the salinity gradient suggested mangrove
inputs accounted for 6% of the total DOC pool. Average changes in FDOM
concentrations through individual tidal cycles ranged from less than 10% to greater than
50% and multi-day trends greater than 100% change in FDOM concentration were
observed. Salinity and water level both inversely correlated to FDOM at sub-hourly and
daily resolutions, while freshwater controls via precipitation and water management were
observed at diel to monthly time-scales. In particular, the role of water management in
rapidly shifting estuarine salinity gradients and DOC export regimes at sub-weekly timescales was evident. Additionally, sub-hourly spikes in ebb tide FDOM indicated rapid
exchange of DOC between mangrove sediments and the river channel. DOC fluxes
calculated from high-resolution FDOM measurements were compared to monthly DOC
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measurements with high-resolution fluxes considerably improving accuracy of fluxes
(thereby constraining carbon budgets). This study provides a better understanding of
short-term DOC behavior and associated hydrological drivers and indicates the
importance of high-frequency measurements to accurately constraining coastal carbon
processes and budgets, particularly in coastal systems increasingly altered by hydrologic
restoration and climate change.

4.2 Introduction
Estuaries are the continental-oceanic interface of the global aquatic carbon (C)
cycle. Terrestrially derived organic C is transported to coastal margins through these
systems, primarily as dissolved organic carbon (DOC) (Hedges et al. 1997). Tidal
wetlands and estuaries, which occupy a small portion of world coastlines, account for an
estimated third of all organic C buried in coastal sediments (Bauer et al. 2013), serving as
a globally relevant C sink (Chmura et al. 2003, Bridgham et al. 2006). DOC also
influences biogeochemical cycling within estuaries, including regulating the transport of
nutrients and metals (Boyer et al. 1997, Qualls & Richardson 2003, Yamashita & Jaffé
2008) and impacts microbial communities (Tranvik 1998, Fellman et al. 2010).
Components of the DOC pool which absorb UV light, known as chromophoric dissolved
organic matter (CDOM), control benthic productivity through light attenuation in the
water column (Osburn et al. 2009, Ganju et al. 2014).
DOC dynamics vary dramatically across temporal scales (Spencer et al. 2007,
Jollymore et al. 2012), from sub-hourly changes in tidal systems (e.g. Bergamaschi et al.
2012) to inter-annual trends (e.g. Evans et al. 2005). Characterizing the patterns and
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drivers of DOC variability to understand ecological impacts and constrain coastal C
budgets thus requires information spanning a wide range of temporal resolutions.
Although long-term investigations of coastal DOC patterns are relatively common (e.g.
Chen et al. 2013, Regier et al. 2016), equivalent studies at high temporal resolution are
lacking due to the complex logistics and laboratory costs associated with DOC sampling
in remote estuarine environments. However, high-resolution measurements are critical
for temporally dynamic systems like estuaries, where rapid water quality changes
observable in high-frequency measurements may not accurately represented by weekly or
monthly sampling intervals (Kirchner et al. 2004, Jollymore et al. 2012, Sobczak &
Raymond, 2015).
The solution to this dearth of high-frequency DOC information lies in recent
technological advances in multi-parameter sondes coupled with sensors measuring
fluorescent dissolved organic matter (FDOM), a proxy for DOC (Downing et al. 2009).
Sondes combine sensors, data-logging and internal power sources into a single waterproof instrument to achieve high-frequency sampling intervals in situ, eliminating the
need laboratory analysis except to calibrate proxy relationships. These sensors have been
applied in a range of environments, including lakes (Watras et al. 2015), streams and
rivers (Pellerin et al. 2012, Wilson et al. 2013), wetlands (Ryder et al. 2014) and coastal
systems (Downing et al. 2009, Bergamaschi et al. 2012). High-frequency FDOM data
provide the resolution necessary to fill in knowledge gaps beyond the scope of
conventional monthly sampling frequencies. For instance, high-frequency FDOM
measurements have facilitated the development of ecosystem-specific proxies for
mercury (Bergamaschi et al. 2012), nutrients (Wilson et al. 2013, Etheridge et al. 2014)
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and DOC lability (Wilson et al. 2013). Likewise, high-resolution characterization of
DOC proxies have provided new insight into processes controlling diel carbon cycles
(Watras et al. 2015), rapid changes in hydrologic export of DOC (Bergamaschi et al.
2012, Wilson et al. 2013) and the role of DOC in light attenuation within optically
complex waters (Ganju et al. 2014). As such, the application of instruments capable of
high-frequency DOC data collection holds great potential for advancing our
understanding of temporally variable aquatic ecosystems.
In the present study, high-resolution measurements were collected to examine
patterns and trends in DOC at sub-hourly time-scales in the coastal estuaries of
Everglades National Park (ENP). Landscape-scale restoration efforts underway to reestablish hydrologic connectivity along the Everglades flow-path are expected to alter
seasonal timing, quantity and quality of freshwater inflows to ENP (Sklar et al. 2005), but
the potential effects on ecosystem function remain uncertain (Estenoz & Bush 2015).
Since hydrology controls DOC patterns in this system, it is expected that changes in the
balance between freshwater (due to changes in management and rainfall) and saltwater
intrusion (due to sea-level rise) will alter DOC cycling and export patterns (Orem et al.
2015, Regier et al. 2016). To this end, significant efforts have been placed into
understanding the spatial and temporal patterns of DOC quality and quantity across the
Everglades landscape (Maie et al. 2006a, Yamashita et al. 2010, Chen et al. 2013). In
addition, DOC export patterns and drivers have been investigated at low and high
temporal resolutions (Bergamaschi et al. 2012, Cawley et al. 2014, Regier et al. 2016).
However, the relationship between rapidly changing and complex estuarine hydrology
and high-resolution DOC patterns for this system remains mostly undetermined. This
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study applies high-frequency measurements of FDOM to this knowledge gap, to better
understand the hydrologic drivers of short-term DOC patterns in the Shark River, located
in the mangrove forests of the coastal Everglades. In addition, this study builds on
previous characterization of long-term DOC flux drivers (Regier et al. 2016) by linking
short-term (daily) to long-term (monthly) DOC export regimes.

4.3 Methods
4.3.1 Site Description
Data for this study was collected in the Shark River estuary, located in the coastal
ecotone of southwest ENP (Figure 4.1). The Shark River connects vast upstream
freshwater wetlands to coastal margins and is situated within the largest contiguous
mangrove forest in the United States. Data was collected at SRS-5 (Figure 4.1), a
monitoring site maintained by the Florida Coastal Everglades Long Term Ecological
Research (FCE-LTER) project. The site is subject to semi-diurnal tides and experiences
distinct wet and dry seasons, where the wet season delivers the majority of annual
freshwater inflows to the estuary via rainfall and inputs through water management
structures (Duever 1994, Saha et al. 2012).
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4.3.2 Instrument calibration and setup
High-frequency data were collected in situ (measured directly in the water
column) using an EXO-2 water quality sonde (Yellow Springs Instrument Company
(YSI), Ohio). The sensor measuring FDOM had excitation and emission wavelength
ranges of 365±5 nm and 480±40 nm, respectively, with a range of 0 to 300 ppb quinine
sulfate equivalents (QSE) and resolution of 0.01 ppb QSE reported by the manufacturer.
The sonde was calibrated prior to deployment according to manufacturer protocols and
again immediately after instrument retrieval. Calibration solutions for FDOM
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fluorescence were made from quinine sulfate dihydrate diluted with 0.05 M H2SO4, with
calibration errors lower than 5% for all deployments. Fluorescence of FDOM is reported
in quinine sulfate units (QSU). Prior to deployment, sensors were wrapped in copper
tape and surrounded by an anti-fouling sensor guard to minimize impacts of biofouling.
Additionally, a wiper was programmed to clean sensor heads every three hours. In spite
of these precautions, sensor drift was detected in two time-series, which were not
included in this study. For the data presented here, no drift was detected based on pre
and post-calibration. Evidence of erratic turbidity spikes during preliminary deployments
indicated interference due to crab activity, known to alter particulate and nutrient
behavior in mangrove sediments (Kristensen & Alongi, 2006). In order to protect against
this, mesh was installed over openings in the sensor guard so that water flowed through
uninhibited but crabs were unable to interfere with data collection.
4.3.3 Data collection
A total of five time-series were collected between November 2014 and November
2015 averaging 27 days in duration (Table 4.1). Two time-series were collected during
the wet-dry seasonal transition (T1 and T2), two during the dry season (D1 and D2) and
one during the wet season (W1). The sonde was equipped with six external sensors
(temperature/conductivity, pH, dissolved oxygen (DO), turbidity, FDOM and
chlorophyll) and one internal pressure sensor for measuring depth. The sonde was
secured to the boardwalk at SRS-5 and situated adjacent to the riverbank with sensor
heads located approximately 0.5 meters below the lowest low tide mark. Ancillary
hydrologic data was retrieved from the USGS gage at Gunboat Island
(#252230081021300), located less than one kilometer upstream from SRS-5 (Figure 4.1).
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As the sonde was not deployed relative to a standard vertical datum, stage values
collected by the sonde were not directly comparable between time-series. Therefore,
stage data from the USGS gage at Gunboat Island was matched to sonde stage using
time-lagged correlations. After matching, sonde stage and USGS stage showed strong
linear relationships (r>0.93, p<0.0001 for all time-series).

Data collected at 15-minute intervals from sonde and USGS sources are denoted
as 15-minute. Tidally filtered discharge was reported at hourly resolution after applying
the PL33 low-pass filter for removal of tidal fluctuations (Flagg et al. 1976). Daily
averages of high temporal resolution measurements were also reported, with the first and
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last day of each time-series excluded since these dates did not capture 24 hours of
continuous data. Long-term daily salinity data for calculations of δ-salinity was retrieved
from the Gulf of Mexico Coastal Ocean Observing System (GCOOS) station GBIF1
(http://data.gcoos.org/index.php) as hourly data and binned to daily averages, where days
with less than 12 measurements were excluded. Rainfall data was collected at the Shark
River station of the Everglades Depth Estimation Network (EDEN,
http://sofia.usgs.gov/eden/). Water management inflows were calculated as the sum of
daily average discharge for S12A-D structures (USGS gages, http://waterdata.usgs.gov/).
4.3.4 Fluorescence interference and corrections
Corrections for thermal quenching of fluorescence were conducted following
methods of Watras et al. (2011). Briefly, temperature and FDOM fluorescence were
measured simultaneously for water samples collected at SRS-4, SRS-5 and SRS-6
(Figure 4.1) over a broad temperature range (5-30 °C) exceeding the expected seasonal
temperature range for SRS-5. Based on linear regression, a correction factor (ρ = 0.0064±0.0004) was established. A reference temperature (Tr) of 25 °C was used instead
of 20 °C to reflect sub-tropical temperature regimes.
Interference from dissolved and suspended materials that absorb or scatter light
can alter in situ fluorescence measurements, and impact instruments differently based on
geometry of the sensor optics (Downing et al. 2012). For dissolved materials, absorbance
of UV radiation by CDOM can be presented as absorbance at 254 nm (A254, unitless) or
absorption coefficients (a254) (Hu et al. 2002, Kowalczuk et al. 2010). As a quantitative
measurement, a254 is preferred to A254 as a254 values are comparable between studies
regardless of path length. However, A254 values are also reported here to facilitate
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comparison with values presented by Downing et al. (2012) and Cawley et al. (2014).
Conversion of A254 to a254 was performed using Equation 2 in Kowalczuk et al. (2010)
where path length was 1 cm for both Downing et al. (2012) and Cawley et al. (2014).
The Shark River is characterized by relatively high CDOM absorbance (A254)
ranging from 0.1-0.6 (a254: 23-138 m-1) based on Cawley et al. (2014). Figure 4.1 in
Downing et al. (2012) indicates this range of absorbance values equates to FDOM
attenuation up to ~15%. Monthly absorbance data collected upstream (SRS-4) and
downstream (SRS-6) of the study site (Figure 4.1) spanning 11/2014 to 05/2015 were
used to estimate SRS-5 absorbance as the average of SRS-4 and SRS-6 (Appendix 4.1).
Estimated A254 values for SRS-5 (average A254: 0.44, average a254: 101 m-1) indicated
that, at least for the portion of the study period, attenuation due to dissolved materials
accounted of less than 10% of the FDOM signal based on a closed path sensor with optics
at 90° (Downing et al. 2012).
To assess fluorescence interference due to suspended solids (measured as
turbidity), a turbid solution containing 15g of mangrove sediment collected at SRS-5
(dried, ground and sieved through a 30-mesh screen) and ~4 L of filtered low-absorbance
(A254: 0.09, a254: 21 m-1) mangrove creek water was mixed (filtered using combusted 0.7
µm GF/F filters). The solution was equilibrated for 48 hours to negate potential FDOM
inputs leached from the sediments (Downing et al. 2012, Lee et al. 2015). The solution
was then placed in a constantly stirred vessel connected to a YSI flow-cell containing the
FDOM and turbidity sensors with previously acid-washed tubing and a peristaltic pump.
Sequential removal of turbidity was achieved by siphoning 250 mL aliquots from the
stirred vessel, filtering and then returning the filtrate to solution (Appendix 4.2). As
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previously observed, highly turbid waters attenuated FDOM fluorescence considerably
(Downing et al. 2012, Lee et al. 2015). Less turbid conditions (values less than 100
FNU) showed a strong linear relationship (r = 0.99, p<0.0001, n=216) to FDOM
(Appendix 4.2, values less than 100 FNU). For this study, turbidity values were
generally low with 0.5% of turbidity values exceeding 100 FNU and 1.9% exceeding 25
FNU. Based on linear regression of turbidity values lower than 100 FNU in Appendix
4.2, it is estimated that 25 FNU attenuated less than 5% of the total FDOM fluorescence
signal. Furthermore, spikes in turbidity did not appear to elicit anomalous FDOM signals
(e.g. Appendix 4.3). This suggests that, while attenuation of fluorescence by suspended
solids likely influences FDOM signals, a simple correction for the effects of turbidity on
FDOM signals may not be appropriate (Lee et al. 2015). As such, turbidity corrections
were not applied to FDOM measurements (see Section 4.3.6 for estimates of error).
4.3.5 Establishing the FDOM-DOC relationship
The relationship between FDOM and DOC was calibrated by collecting grab
samples concurrent with in situ FDOM measurements. Due to high seasonal and spatial
variability of DOC optical properties in the Shark River (Cawley et al. 2014), the
FDOM:DOC relationship was established both with spatial transects and temporal
sampling. Four seven-point spatial transects were collected from the marine end member
(Ponce De Leon Bay) to the freshwater end member at SRS-4 (Figure 4.1). Transects
were collected during wet and dry seasons and seasonal transitions and temporal data
were collected through portions of two consecutive tidal cycles. DOC samples were
filtered through 0.7 µm GF/F filters and quantified on a Shimadzu TOC analyzer after
acidification and purging to remove inorganic C. A total of 53 paired measurements of
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DOC and FDOM collected from 02/2015 to 04/2016 exhibited strong linear correlation (r
= 0.96, p<0.0001, Appendix 4.4) yielding a conversion equation of FDOM (QSU) =
0.11*DOC (µM) + 19.06. The root mean square error (RMSE) for this regression was
±9.8 QSU or ±7.5% of the average FDOM value (see Section 4.3.6). Due to the error
component associated with converting FDOM fluorescence to DOC concentrations,
FDOM measurements were primarily reported in QSU throughout the manuscript while
DOC concentrations were reported in µM or ppm for comparison with literature values
and to facilitate calculating DOC fluxes. DOC fluxes were calculated as the product of
DOC concentration and discharge.
4.3.6 Statistics and FDOM errors
All statistical analyses were performed using the JMP® Version 12 statistical
package (SAS Institute Inc., Cary, NC, 1989-2007). Results of linear regressions are
reported as correlations (r). Changes in FDOM presented as percent were calculated
using the average FDOM value for the study (130.8 QSU) for consistency. Nonconservative mixing lines were calculated for regression plots of FDOM versus salinity
(e.g. Figure 4.3), based on previously published methods (Cawley et al. 2014).
Mangrove inputs during FDOM spikes were quantified for three consecutive tidal
cycles in T2 with clear ebb tide spikes (Figure 4.5). For each tidal cycle, consecutive
data points were connected with lines. Next, a baseline was drawn by connecting the
lowest FDOM value at the start of the tidal cycle to the lowest value at the end of the
tidal cycle. The baseline was then set to zero, so integrations only included the change in
FDOM during the tidal cycle rather than the entire FDOM signature. Next, spikes were
removed by connecting the points immediately preceding and following the spike.
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Finally, each tidal cycle was integrated with and without FDOM spikes using the “AUC”
package in R (Ballings & Van den Poel, 2013). The integration process is represented
graphically in Appendix 4.5. FDOM contributions from the three tidal cycles ranged
from 5.7% to 14.8% and were estimated to account for up to 24% in other tidal cycles.
Error terms associated with each of the three potential interferences to in situ
FDOM measurements are identified in Section 4.3.4. The correction factor for
temperature was based on linear regression of r>0.99 (p<0.0001) with and RMSE less
than 1 QSU. For dissolved materials, attenuation was estimated at less than 10% based
on A254 values for the site. For suspended solids, attenuation/scattering effects on FDOM
were estimated at less than 5% for >98% of the data-set. Assuming attenuation of
dissolved and suspended solids is additive, FDOM measurements may be ~15% lower
than actual FDOM values. These conditions represent the upper limits of FDOM
attenuation based on high levels of dissolved matter (A254: 0.44, a254: 101 m-1) and high
turbidity (25.0 FNU). As attenuation from dissolved and suspended solids is not
corrected for in FDOM values reported in this study, it is important to remember these
potential sources of under-linearity when interpreting QSU values.

4.4 Results
4.4.1 Environmental conditions
This study covers a period of limited freshwater delivery to the Shark River
estuary due to below-average rainfall and consequent reductions in water management
inputs across the northern border of ENP into Shark River Slough (Table 4.1). This
limited rainfall led to moderate to severe drought for the region stretching from the early
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dry season through the early wet season (droughtmonitor.unl.edu). The combination of
these factors resulted in lower than normal discharge rates from the Shark River, with net
negative flows (marine inflows to the estuary) from 12/2014 to 09/2015, the longest
period of negative discharge for the 2002-2015 data record (USGS gage
#252230081021300, tidally filtered discharge). As such, time-series D1, D2 and W1
(early dry, late dry and early wet seasons, respectively) all received minimal freshwater
inputs from water management (although W1 received increased rainfall). In contrast, T1
and T2 time-periods exhibited high discharge rates for the estuary linked to high inflows
from the S12A-D structures (Figure 4.1). Sea level acted as an additional hydrologic
control and increased from D2 through T2, with the highest daily mean sea level value
recorded at Key West between 1913-2013 occurring on 10/01/2015, the start-date for T2
(CO-OPS). Basic statistics for in situ water quality data collected for this study are
displayed in Table 4.2, by time-series. Salinity and freshwater hydrology were inversely
related, with lowest salinity during periods of high freshwater discharge and low sealevel (T1). Salinity increased through D1 and peaked during D2 due to minimal
freshwater inputs. Salinity values decreased throughout W1 due to increased rainfall and
during T2 due to increased water management inflows (Table 4.1). Dissolved oxygen
(DO) inversely co-varied with seasonal patterns in temperature and on diel time-scales,
with higher values during the day. In general, turbidity increased with channel velocity
(both positive and negative), suggesting control by tidal or wind-induced erosion rather
than allochthonous delivery to the estuary, matching previously reported decoupling of
particulate and dissolved carbon pools for this system (He et al. 2014).

100

101

102

Values for FDOM ranged from 55.2 QSU to 208.6 QSU, matching previously
reported QSU values for maximum fluorescence intensity in coastal mangrove rivers of
the Everglades (Jaffé et al. 2004). High tidal variability was clearly evident for the high
resolution data, with variation of the FDOM signal in excess of 100% between
consecutive low and high tides (e.g. 1/26/15 and 3/27/15, Figure 4.2). Highest FDOM
values occurred during the beginning of the dry season, similar to previously observed
longer-term seasonal trends upstream of SRS-5, which have been attributed to a
combination of evaporation-mediated concentration and water management inputs (Chen
et al. 2013). In contrast, FDOM values were considerably lower during the late dry
season (D2) when DOC concentrations are historically higher in the upstream freshwater
marshes (Chen et al. 2013).
4.4.2 Relationships between FDOM, water quality and hydrology
To quantitatively assess the relationships between water quality, hydrology and
FDOM, linear regression of FDOM versus parameters in Table 4.2 is presented in Table
4.3 as correlations, both for 15-minute data and daily averages. Of these parameters,
salinity had the strongest relationship to FDOM at both temporal scales. The relationship
between FDOM and stage had the second highest r values, with a higher correlation for
daily data. At daily resolution, filtered discharge exhibited the third strongest correlation
(though weak: r = 0.28). Temperature, pH and filtered discharge showed weak
correlations to FDOM for the high-resolution data (r = -0.20, -0.24 and 0.24,
respectively) as did temperature, discharge and turbidity for daily resolution (r = -0.22,
0.17 and -0.22, respectively). Based on the above (see Table 4.3), salinity, stage and
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tidally filtered discharge (at daily resolution) were investigated as potential drivers of
high-frequency FDOM dynamics.
4.4.2.1 Salinity and FDOM
Measurements of FDOM at 15-minute intervals showed distinct semi-diurnal
patterns related to tidal influence and inversely tracked salinity patterns where highest
FDOM values corresponded to lowest salinity for each tidal cycle (Figure 4.2), as
observed in other mangrove systems (Dittmar & Lara, 2001). Correlations to FDOM

were higher for 15-minute than daily measurements (Table 4.3), indicating tidal control.
The relationship between salinity and FDOM was examined using the ratio of the two
variables (FDOM:salinity) shown in Figure 4.3A. A clear divide in the data-set was
observed through this relationship, where T1 and T2 had lower FDOM:salinity ratios
compared to the remaining three time-series. This divide matched closely with
management-driven inflows as well as tidally filtered discharge (both considerably higher
for T1 and T2, see Table 4.1). A similar divide in the DOC:salinity ratio observed by
Cawley et al. 2014 indicated that T1 and T2 most closely resembled wet season
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characteristics while the remaining time-series matched the dry season. As outlined in
Section 4.4.1, the study period experienced abnormal hydrology, and the divide in
FDOM:salinity confirmed that conventional seasonal wet/dry timing did not fit this dataset. Rather, seasonal transition time-series (T1 and T2) resembled classic wet season
hydrology and salinity gradients while the remaining three time-series resembled dry
season conditions due to reduced rainfall and consequent drought. Based on this
observation, the data-set was divided into two sub-groups: the first for time-series during
periods of low freshwater inflow (D1, D2 and W1, Figure 4.3B), the second for timeseries during periods of high freshwater inflow (T1 and T2, Figure 4.3C). Dividing the
data-set in this manner dramatically improved linear regression fits (r = 0.94 for D&W, r
= 0..93 for T) in comparison to the full data-set (r = 0.83). An additional split in Figure
4.3C during T2 was observed, where FDOM:salinity ratios transitioned from high salinity
and low freshwater inputs to dramatically increased freshwater inflows and low salinity.
To examine this, T2 was sub-divided into two sections: before and during the start of
high outflows (positive discharge from the estuary, Figure 4.2) and during and after high
outflows. The first sub-group clustered more with D&W time-series due to enhanced
saltwater presence, higher stage and low or negative filtered discharge (Figure 4.3C, dark
gray points). The second sub-grouping fell in the same FDOM:salinity region as T1:
characteristic of high water management inflows in spite of high sea levels.
The data presented in Figure 4.3 suggest a non-conservative relationship between
FDOM and salinity, where FDOM values were higher at the mid-estuary than would be
expected for conservative (linear) mixing behavior of freshwater and marine
endmembers. A similar relationship was previously reported for this location by Cawley
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et al. (2014), who determined that non-conservative inputs were primarily due to DOC
contributions from the riparian mangrove forests. Following this hypothesis,
FDOM:salinity plots were fitted with quadratic regression lines which improved fits over
linear regression (full data-set: r = 0.85, D&W: r = 0.94, T: r = 0.94). Non-conservative
inputs were calculated for individual neap and spring tide for each time-series (n=20) as
the difference between integrations of quadratic and linear fits (Cawley et al. 2014). An
average non-conservative input percentage of 6±2% was estimated with a maximum of
9% (neap tide, D2) and a minimum of 3% for the consecutive spring tide.
4.4.2.2 FDOM and tidal dynamics
Tidal FDOM patterns were inversely related to stage with a temporal lag
component, where highest tidal values for FDOM lagged lowest stage (low tide) by 1-2
hours. Stage correlations to FDOM (FDOM:stage) were considerably higher for daily
data (Table 4.3), likely due to the temporal lag observed at tidal time-scales. When tidal
FDOM patterns were time-matched to stage (lowest FDOM values time-lagged to
coincide with peak stage), a much stronger regression was achieved (r = 0.77), similar to
FDOM:salinity. As with salinity, the FDOM:stage data was divided into T and D&W
groupings, with a better fit for D&W (r = 0.79) than T (r = 0.72), indicating stronger tidal
control of FDOM:stage during periods of low freshwater inflows. Values of FDOM were
consistently higher for neap tides (average 136.4 QSU) compared to spring tides (average
124.6 QSU). Neap tides also exhibited lower salinity, lower stage and higher tidally
filtered discharge, indicating reduced tidal influence. The difference in FDOM between
neap and spring tides was considerably larger for T time-series (+17.1 QSU, average of
spring and neap: 119.8 QSU) compared to D&W time-series (+10.2 QSU, average of
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spring and neap: 136.5 QSU). In general, decreasing FDOM trends were observed during
spring tides, while increasing trends accompanied neap tides. Differences in neap/spring
FDOM patterns provided proof that greater freshwater influence during neap tides led to
higher allochthonous DOC inputs to the estuary. In addition, this suggested a temporal
decoupling between weekly (spring/neap tides) and monthly (time-series) resolutions for
the relationship between freshwater discharge and FDOM where neap tides increased
both filtered discharge rates and FDOM signals while Figure 4.3 indicated dilution of
FDOM (lower signal) during periods of increased freshwater delivery.
Rapid changes in FDOM during ebb tides were consistently observed near the
tidal FDOM minimum which did not fit the semi-diurnal sinusoidal tidal signature.
Examples of these FDOM patterns along with additional parameters are shown in Figure
4.4, with the unexpected spikes highlighted in black. These FDOM spikes consistently
coincided with a knee observed in ebb tide stage patterns which could not be fully
explained by tidal flow asymmetry typically observed in mangrove channels (Mazda et
al. 1995). The knee denoted a deceleration of falling water levels attributed to
geomorphological control of tidal hydrodynamics by riparian mangrove forests.
Specifically, it was hypothesized that these patterns correspond to tidally regulated
porewater exchange between mangrove sediments and the river channel. The location
where the sonde was deployed is immediately adjacent to mangrove sediments perforated
with crab burrows, a feature shown to enhance hydraulic connectivity of mangrove
sediments to the water column (up to 20% in some systems, Stieglitz et al. (2013)).
Reduced dissolved oxygen (DO) levels, often associated with porewater hypoxia in
mangrove ecosystems (Bouillon et al. 2007), were generally present during FDOM spikes
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supporting the hypothesis of porewater contributions. However, these patterns were
somewhat variable, with examples in Figure 4.4 showing consistently depleted DO
concurrent with FDOM spikes during T2 but not T1.

4.4.2.3 Daily FDOM patterns
Multi-day patterns in FDOM (see smoothing lines in Figure 4.2) corresponded to
freshwater input patterns observed as tidally filtered discharge. Correlation of daily
FDOM values to filtered discharge was relatively weak for the whole data set (r = 0.30,
n=145, p=0.0009) and for D&W (r = 0.29, n=77, p=0.0083) but stronger for T (r = 0.60,
n=45, p<0.0001), likely due to substantial water management inputs during T1 and T2.
To quantify the impact of filtered discharge on changes in FDOM, the difference in
FDOM between consecutive days was calculated as δ-FDOM = FDOM(x+1) – FDOM(x)
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where x is the date. Based on δ-FDOM calculations for time-series, daily changes in
FDOM of +40.0 QSU to -28.6 QSU indicate equivalent shifts of +377.4 µM (+31%) to 274.7 µM (-22%) for DOC concentrations. The regression of δ-FDOM:filtered discharge
(r = 0.65, n=115, p<0.0001) showed a much stronger relationship than FDOM:filtered
discharge (r = 0.30, n=120, p=0.0009). Interestingly, correlations between filtered
discharge and δ-FDOM were stronger for D&W (r = 0.74, n=72, p<0.0001) than T (r =
0.71, n=43, p<0.0001), which was unexpected since T time-series were more strongly
linked to filtered discharge patterns. Regression slopes for T and D&W (0.01 and 0.03,
respectively) indicated that equivalent changes in filtered discharge yielded a change in
the FDOM signal three times greater for dry season time-series compared to wet season.
This was attributed to lower stage during D&W time-series (Table 4.1), leading to
smaller volume in the Shark River. The corresponding evapo-concentration of the Shark
River DOC pool would be more sensitive to dilution from changes in freshwater flow.
4.4.3 DOC fluxes
Previously, long-term DOC fluxes were calculated for this site based on monthly
DOC concentrations and tidally filtered discharge (Regier et al. 2016), with modeling of
monthly flux values predicted by salinity, rainfall, water management inflows and the
Atlantic Multidecadal Oscillation (AMO), a long-term climatic index. Short-term fluxes
based on DOC (using FDOM as a proxy) and hourly tidally filtered discharge were
calculated for this study to compare and contrast patterns and drivers of DOC fluxes in
the Shark River across temporal scales. Both T time-series exhibited net positive flux
values (DOC exported from the estuary), averaging 3.4*109 mg C d-1. In contrast, all
D&W time-series had negative flux values averaging 3.4*109 mg C d-1, indicating
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considerably longer DOC residence times between periods of positive filtered discharge
(average movement calculated from velocities of 2432 m d-1 for D&W in comparison to
8843 m d-1 for T time-series in relation to approximately 9,500 m from the study site to
the river mouth). For hourly flux values, no correlations for water quality or hydrology
variables (except discharge) were observed, including salinity and stage, which both
correlated to long-term fluxes (Regier et al. 2016). As discharge was higher during neap
tides, DOC fluxes were also considerably higher, with averages of 2.8*109 mg C d-1 and 5.9*109 mg C d-1 for neap and spring respectively. This pattern held true when fluxes
were sub-divided into D&W and T groupings with neap tide fluxes 6.2*109 mg C d-1 and
1.2*1010 mg C d-1 higher than spring tide fluxes for D&W and T subsets respectively.
To validate the extrapolation of high-frequency FDOM measurements to DOC
values and improve the accuracy of DOC flux determinations, flux values were
calculated from daily DOC data (based on FDOM as a proxy) and monthly grab samples
where the DOC value at the beginning of each time-series was extrapolated to all days in
the time-series (Gaiser & Childers 2016). As the two sets of fluxes were determined for
the same days using the same filtered discharge data, the only difference was the
application of low-resolution versus high-resolution DOC concentrations in the estimates.
The resulting flux calculations were compared using linear regression (Figure 4.6), with
stronger correlations for D&W time-series (r = 0.95, n=73, p<0.0001) in comparison to T
time-series (r = 0.93, n=43, p<0.0001). To interpret if fluxes based on monthly grab
samples were over-estimated or under-estimated in comparison to high-frequency flux
calculations, a 1:1 line was included. In general, linear regression for D&W fell slightly
below the 1:1 line (slope = 0.80), indicating monthly fluxes were under-estimated
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(Figure 4.6A) while T time-series were on or above the line (slope = 1.25), particularly
for high fluxes during T2 (Figure 4.6B).

4.5 Discussion
4.5.1 Tidal-scale FDOM dynamics
High-resolution measurements of FDOM showed highly variable DOC behavior
controlled at tidal and daily time-scales by a mixture of tidal influence, freshwater inputs
and exchange with mangrove forests. Whereas tidal control was consistent for all timeseries, freshwater control of FDOM was more sporadic and varied seasonally. The study
period was unique as the two major sources of freshwater to the Shark River (rainfall and
water management inflows), which are usually coupled (though time-lagged, Saha et al.
2012) were separated, allowing for a comparison of the influence of each freshwater
source on high-resolution FDOM patterns. In addition, previously unobserved spikes
during ebb tide were identified as likely originating from porewater exchange within the
mangrove forests. While tidal control is evident at hourly resolution and freshwater
influence is well characterized at daily resolution, the abovementioned mangrove-derived
spikes would not be observable, even at hourly resolution.
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A recent mesocosm study of C response to salinity and inundation in mangrove
peat soils from the region, found that higher salinity decreased porewater DOC by
2.8±3.3 ppm (23±27% of average DOC for this study), while increased inundation
enhanced DOC concentrations by 3.6±4.5 ppm (30±37%) (based on a 8 cm increase in
stage; Chambers et al. 2014). Findings from the current study of an inverse relationship
between DOC and salinity at tidal time-scales match findings from the mesocosm study
(Chambers et al. 2014). However, increased salinity conditions equivalent to those
reported by Chambers et al. (2014) yielded a much larger decrease in DOC (-7.5 ppm or 62% for D&W time-series in Figure 4.3B, -5.0 ppm or -41% for T time-series in Figure
4.3C).
Increased salinity conditions equivalent to those reported by Chambers et al.
(2014) yielded a much larger decrease in DOC (-7.5 ppm or -62% for D&W time-series
in Figure 4.3B, -5.0 ppm or -41% for T time-series in Figure 4.3C). In contrast, the
inverse relationship between tidal stage and DOC (attributed to dilution) does not match
with higher DOC in inundated mesocosm experiments (Chambers et al. 2014). In the
latter, an equivalent increase in stage of 8 cm yields decreased DOC of considerably
smaller magnitudes (-0.7 ppm or -6% for D&W time-series, -0.5 ppm or -4% for T timeseries).
Decoupled response of DOC to inundation between mesocosm and in situ
measurements may stem from the estimated small contributions of mangrove-derived
DOC at this location (approximately 6% of the DOC pool), whereas the mesocosm
results present changes in DOC exclusively from mangrove peats. Based on Chambers et
al. (2014), increased inundation is expected to decrease the concentration of the overall

DOC pool through dilution while simultaneously enhancing mangrove inputs. As sea
level rise drives higher saltwater intrusion and increased inundation in this region, higher
C loss from the mangrove forest (see also Section 4.5.2) is expected to account for a
larger portion of the Shark River DOC pool and increase outwelling of mangrove-derived
DOC (Dittmar & Lara, 2001). Such processes are expected to increase light attenuation
in the water column (Ganju et al. 2014) of adjacent light-sensitive seagrass and coral reef
communities (McPherson et al. 2011, Shank et al. 2010) through long-range DOC
transport (Maie et al. 2012; Yamashita et al. 2013. However, DOC export from this
region in general is predicted to decrease in the future due to shifting hydrology due to
climate change (Regier et al., 2016), and thus, the potential balance between enhanced
mangrove forest inundation and predictions based on long-term DOC datasets remains to
be determined. Better understanding of the potentially complex relationship between
inundation and DOC export is therefore crucial for low-relief coastal systems like
mangrove forests, where ecosystem sustainability is based on accretion keeping pace with
sea-level rise (McKee, 2011). Mangrove accretion is primarily dependent on primary
productivity (Cahoon & Lynch, 1997) and correlates to organic C burial rates, which are
below global averages for the Shark River (Breithaupt et al. 2014). Thus, potential DOC
losses from mangrove peats due to the combined effects of increased salinity and
inundation could increase the vulnerability of the coastal mangrove fringe to
submergence.
4.5.2 Mangrove contributions to the DOC pool
The DOC pool in the Shark River is strongly influenced by upper watershed
freshwater wetland sources, combined with mangrove inputs (Yamashita et al. 2010,
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Bergamaschi et al. 2012, Cawley et al. 2014). However, it is not clear from previous
studies if this mangrove contribution is related to porewater inputs, litter leachates, or
combinations of these. As such, these contributions could respond differently to
inundation patterns, tidal action, changes in primary productivity and associated litterfall. Bouillon et al. (2007) reported considerable porewater contributions of DOC
(estimated at 30% of the total DOC pool) draining a mangrove forest in Tanzania during
ebb tide, with porewaters exhibiting considerably higher salinity than the creek water
column. In contrast, the notably lower percentage of DOC attributed to mangrove inputs
in the Shark River indicates that porewater DOC may not account for a considerable
component of the DOC pool. However, this is likely due to the large allochthonous DOC
inputs received from upstream freshwater marshes in the Everglades, whereas the
Tanzania creek system received minimal freshwater inputs (Bouillon et al. 2007).
However, the abovementioned spikes in FDOM during ebb tide provide new
information on the role of mangrove inputs to this system. Although non-conservative
mixing calculations indicate that mangrove DOC comprises a relatively minor component
of the total DOC pool, FDOM spikes indicate seasonally variable contributions exceeding
the 6% mangrove input estimation. For three consecutive tidal cycles, FDOM signals
were compared by including or excluding the FDOM spikes (Figure 4.5). Based on this
comparison, between 8 and 16% of the total change in FDOM during these tidal cycles
was attributed to mangrove porewater inputs. The percent contribution of FDOM spikes
varied with season, with higher and more consistent mangrove DOC contributions
observed during the T time-series compared to D&W time-series. This supports previous
research reporting higher CDOM production during wet periods compared to dry periods
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(Shank et al. 2010). However, the magnitude of these FDOM spikes infer that the
majority of mangrove DOC export into the river during ebb tide (estimated at 65% for
SRS-6, Romigh et al. 2006)) occurs at rapid time-scales (1-2 hours). Thus, accurately
characterizing this highly dynamic exchange process to constrain aquatic C fluxes in
mangrove forests requires high-frequency measurements.
Seasonal variation in FDOM spikes also gives insight into the potential role of
mangrove porewaters and primary production in DOC exchange between mangrove
forests and the river channel. If primary production preferentially dictated mangrove
DOC inputs over hydrology, it would be expected that the highest inputs (largest spikes)
would coincide with peak primary productivity during the wet-season (Castañeda-Moya
et al. 2013). However, spikes are smaller and less consistent during W1 than T1 or T2,
suggesting that the extent and duration of tidal inundation rather than patterns in primary
productivity controls the magnitude of DOC porewater exchange. Furthermore, this may
indicate that DOC spikes are more strongly associated with leaching from mangrove
sediments and porewater exchange, rather than direct leaching from mangrove leaves and
stems (Maie et al. 2006b, Romigh et al. 2006).
4.5.3 Water management and rainfall control daily FDOM patterns
Daily and multi-day patterns in FDOM showed clear links to freshwater inputs
(Figure 4.2, Section 4.4.2.3), indicating the essential role of upstream hydrology in
regulating DOC concentrations in the Shark River. In particular, inflows from water
management structures drive a division in FDOM:salinity ratios between time-series
(Figure 4.3). Of the hydrologic parameters influencing the estuarine salinity gradient,
water management structures are the only means of directly regulating freshwater inflows
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to this system, with natural delivery of freshwater from rainfall and potential groundwater
inputs and seepage through barriers to flow (Saha et al. 2012). A comparison of T1 and
T2 time-series demonstrates the control of FDOM temporal patterns exerted by managed
freshwater inputs. Both T1 and T2 exhibit similar FDOM:salinity ratios (Figure 4.3),
suggesting similar DOC source and mixing dynamics. However, neither the salinity
gradient (dramatically different sea levels, Table 4.1, and salinity, Table 4.2, between the
two time-series) nor rainfall (similar for all time-series except W1) can explain the
similar FDOM:salinity distributions for T1 and T2 in contrast to the other three timeseries. Instead, freshwater control by water management inflows appears to link these
time-series (high for T1 and T2, low or absent for the other time-series). This is evident
in the shift of FDOM:salinity observed for T2 (Figure 4.3C and Section 4.4.2.1) from
ratios characteristic of the dry-season to wet-season which occurred in less than a day.
Based on this rapid change along with the divide in Figure 4.2, it is clear that water
management inflows (either directly or indirectly) control Shark River hydrology and
DOC concentration and export at short time-scales.
Both rainfall and water management inputs were identified as significant
freshwater drivers of long-term DOC fluxes in this system, with rainfall contributing
almost double the modeling power as managed inflows (Regier et al. 2016). For the
high-frequency data collected during this study, the influence of rainfall is less obvious
than water management, likely due to unusually low precipitation rates for all time-series
except for W1 (Table 4.1). The clearest evidence of rainfall driving changes in DOC
occurred with onset of the rainy season (between D2 and W1). Low FDOM values for
D2 (relative to D1) were attributed to enhanced saltwater intrusion into upstream
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freshwater marshes observed through semi-diurnal tidal signatures in stage data the
Rookery Branch gage 20 km upstream of SRS-5 (#022908295,
http://waterdata.usgs.gov/). Subsequently increased FDOM during W1 was attributed to
the enhanced hydrologic connectivity of the estuary to upstream marsh regions as a result
of increased rainfall. Decreased DOC concentration and exports due to drought
conditions (e.g. D2) have been reported for other coastal wetland systems (e.g. Ardón et
al. 2016). Likewise, rainfall events have been linked to increased DOC concentrations in
both marsh and mangrove systems (Bergamaschi et al. 2012, Ryder et al. 2014), although
shifts in other drivers between D2 and W1 like soil temperature may be partially
responsible for the changes in DOC concentration (Davidson & Janssens 2006; Ryder et
al. 2014).
During the study period, the influences of water management and rainfall on daily
FDOM patterns were evident. However, whereas water management inflows
dramatically shifted estuarine hydrology from negative to positive discharge, rainfall did
not. The importance of water management to maintain seasonal freshwater delivery has
been well-established for this region (Sklar et al. 2005, Obeysekera et al. 2014). Highfrequency measurements presented here indicate that, particularly during periods of
below-average freshwater flow (e.g. drought), water management inputs are capable of
rapidly altering salinity and associated water quality gradients in the coastal Everglades.
Based on this, corrective actions by water management (e.g. emergency water releases to
slow saltwater intrusion during periods of high drought) guided by high-frequency
monitoring provides managers with new tools to rapidly respond to observed or predicted
environmental problems. Likewise, as this region is clearly sensitive to managed
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inflows, high-frequency measurements are increasingly critical in the monitoring of
estuarine response to changes in freshwater inputs.
4.5.4 Linking short-term and long-term fluxes
Hydrology is the primary driver of DOC fluxes, and the strong linear fits in
Figure 4.6 confirm this. However, differences in fluxes based on monitoring frequency
of DOC concentrations are evident through the deviations of fluxes from the 1:1 line
(Figure 4.6A). In general, D&W time-series cluster together close to 1:1, suggesting that
during periods of lower freshwater inflows and therefore less variable filtered discharge,
(Figure 4.2), interpolating daily DOC fluxes from monthly DOC values is relatively
accurate. In contrast, T time-series show more variability (Figure 4.6B), where T1 flux
calculations closely follow the 1:1 line but T2 does not. In particular, high flux values
during T2 are dramatically over-estimated (up to 180%) by interpolation of monthly
DOC to daily resolution. This is likely due to large and rapid fluctuations in discharge
(Figure 4.2) driving rapid changes in DOC concentrations. As such, interpolation of
daily fluxes from monthly DOC sampling frequencies may be applicable during periods
of relatively static discharge, but is not sufficiently accurate to constrain DOC export
rates during periods of variable freshwater flows. This supports previous findings that
weekly grab sampling was temporally inadequate to characterize DOC fluxes during
rapid shifts in hydrology (Jollymore et al. 2012, Pellerin et al. 2012). Thus, current longterm monitoring projects seeking to better constrain C budgets in temporally variable
aquatic systems like estuaries could greatly benefit from the simultaneous application of
high-frequency measurements.
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4.6 Conclusions
A suite of environmental drivers, including salinity, stage and tidally filtered
discharge, were identified as regulators of high-frequency FDOM patterns in the Shark
River estuary. Values for FDOM changed considerably at tidal time-scales, changing in
excess of 100% between consecutive low and high tides during periods of high
freshwater discharge. The drivers of FDOM manifested in multiple distinct patterns, with
salinity and stage varying semi-diurnally with tides, and knees in ebb tide stage
corresponding to spikes in FDOM potentially attributed to mangrove porewater inputs
accounting for up to 24% the tidal FDOM signal, particularly during periods of higher
inundation. Freshwater discharge also controlled daily and multi-day changes in FDOM
(up to ±25%), indicating hydrologically driven shifts in DOC concentration, and
potentially source. The influence of water management on DOC behavior in the
mangrove estuary demonstrated the capability of managed inflows to restore the salinity
gradient and accompanying estuarine C dynamics following pronounced drought and
elevated sea levels. Rainfall was observed to alter DOC concentrations but had less
influence over salinity and FDOM than water management (potentially related to drought
conditions during much of this study). In general, managed inflows most strongly
affected FDOM characteristics during seasonal transitions while precipitation
preferentially and expectedly, controlled FDOM during the onset of the wet season.
While management strategies currently focus on longer term hydrologic response (e.g.
seasonal to inter-annual) in the context of Everglades restoration, rapid response of the
coastal zone to freshwater inflows suggests the ability of water management to control
hydrology in the mangrove ecotone at much shorter time-scales. Since response of DOC
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mixing and source dynamics to environmental drivers changes vary across temporal
scales, integration of high-frequency data into current long-term monitoring programs is
essential to understand temporally complex relationships between water quality and
hydrology.
Hydrology, climate and management have all been identified as drivers of longterm DOC export in the Shark River (Regier et al. 2016), and findings here generally
support that these drivers apply to short-term (hours to days) variations in DOC (based on
FDOM as a proxy). Adaptive restoration management relies on constantly improving our
understanding of ecosystem function and response to climatic and management factors.
Further investigating key ecological indicators like biogeochemistry and nutrient
transport spanning spatial and temporal scales will advance modeling capabilities and
inform management decision-making. High-resolution measurements of FDOM provide
new insights into organic matter cycling in coastal systems and indicate the potential
value of high-frequency data to complement and expand existing long-term monitoring
programs through a temporally integrated understanding of biogeochemical processes
and nutrient budgets in variable coastal ecosystems.
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CHAPTER V

LINKING HYDROLOGY TO LONG TERM DISSOLVED ORGANIC MATTER
COMPOSITION IN THE FLORIDA EVERGLADES
(In preparation for Limnology and Oceanography)
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5.1 Abstract
Dissolved organic matter (DOM) acts as a master variable in aquatic ecosystems by
controlling biogeochemical cycles, influencing water quality and linking terrestrial and
oceanic carbon pools. However, water flows can strongly alter the sources, transport and
fate of DOM, controlling changes in quantity and composition. In this study, we
investigate the relationships between DOM composition based on EEM fluorescence and
hydrologic parameters in the subtropical coastal wetlands of Everglades National Park
(ENP), the southern portion of the Florida Everglades. Study sites span the two major
drainages of ENP: Shark River Slough (SRS) and Taylor Slough (TS) using monthly data
collected over 10 years. We found that SRS DOM patterns were more associated with
water management inflows while DOM in TS showed a stronger connection to rainfall.
The influence of groundwater discharge on DOM composition was observed through the
seasonality of the ratio of photo-labile to photo-refractory components, and was most
clearly evident for freshwater sites in TS. Furthermore, long-term decreasing trends of
one of the fluorescent components, primarily attributed to upstream agricultural areas,
suggest the influence of upstream inputs to the ENP DOM pool has been steadily
decreasing over the past decade. Relationships developed between water depth and
DOM compositional features were then used to predicted changes in response to shifting
environmental conditions (temperature and rainfall). Increased rainfall is not predicted to
dramatically alter compositional dynamics in freshwater wetland sites, while decreased
rainfall predictions indicate dramatic changes to both the quantity and quality of organic
carbon in SRS and TS. Findings from the present study clearly show the complex
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interplay between Everglades hydrology and DOM patterns, and indicate DOM
composition is expected to shift in response to climate change.
5.2 Introduction
Dissolved organic matter (DOM) is an integral component of the aquatic carbon
cycle (Battin et al. 2009), accounting for the majority of terrestrial organic carbon inputs
from rivers to the ocean (Meybeck, 1982; Hedges et al. 1997). During transit, DOM
controls biogeochemistry and water quality by regulating nutrient availability (Boyer et
al., 1997; Qualls and Richardson, 2003, Boyer, 2006), transport and complexation of
metals (Yamashita & Jaffe, 2008), light availability to benthic communities (Ganju et al.
2014) and the microbial loop (Amon and Benner, 1996; Fellman et al. 2010). The role of
DOM in these processes is a function of its molecular composition, controlled by mixing
of allochthonous and authochonous sources including terrestrial plants, soils and
microbial inputs (Roth et al. 2014), and can consist of thousands of unique chemical
formulae (e.g., Stetson et al. 2003). DOM composition also dictates susceptibility to
biological and photochemical degradation (Cory et al. 2014; Chen and Jaffé 2014;
Stubbins et al. 2016), processes that can affect molecular complexity.
Because the molecular composition of DOM determines its reactivity in natural
waters, understanding the processes that drive changes in composition is essential for
defining ecosystem function and predicting response to shifting environmental conditions
(Medeiros et al. 2017; Gonsior et al. 2017). However, high molecular diversity and
gradients of reactivity, from ephemeral to refractory (Ide et al. 2017), make
characterizing the DOM pool a significant challenge. As a result, a variety of analytical
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approaches have been used to describe the composition of natural DOM, ranging from
determination of individual molecules using mass spectrometry and nuclear magnetic
resonance to classifying general compositional features via fluorescence spectroscopy
(Minor et al. 2014 and references therein). While molecular-scale studies are essential to
fully understand DOM compositional relationships to the natural environment (Nebbioso
& Piccolo, 2013; Roth et al. 2014), such measurements require expensive and complex
instrumentation, and a high level of statistical interpretation, making them impractical for
large sample sizes. Measuring the optical properties of DOM via fluorescence
spectroscopy offers a simple alternative to quickly analyze general compositional
features, and has long been recognized for its value in this capacity (Stewart and Wetzel,
1980; Kieber et al. 1990), particularly synchronous fluorescence, which simultaneously
measures absorbance and fluorescence spectra (Coble, 1996; Jaffe et al. 2004). More
recently, fluorescence spectroscopy data collected in the form of excitation-emission
matrices (EEMs) have been combined with parallel factor analysis (EEM-PARAFAC) to
decompose the complex mixture of fluorescence signatures present in DOM into discrete
components indicative of different compositional features (Stedmon et al. 2003; Fellman
et al. 2010).
EEM-PARAFAC has been used to trace changes in DOM source and reactivity
(Cory & McKnight, 2005; Stedmon & Markager, 2005; Yamashita et al. 2008),
biological and photochemical processing (Fellman et al. 2008; Chen and Jaffé 2014),
impacts of land use (Williams et al. 2010; Yamashita et al. 2010) and anthropogenic
influence in natural systems (Cawley et al. 2012; Shutova et al. 2014; Graeber et al.
2015). Use of EEM-PARAFAC from the Arctic (Gueguen et al. 2013; Walker et al.
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2013; Mann et al. 2016) to the tropics (Cao et al. 2016; Lambert et al. 2016), and in
headwater streams (Yamashita et al. 2011; Burrows et al. 2013; Hosen et al. 2014), major
rivers (Walker et al. 2013; Cao et al. 2016; Lambert et al. 2016), wetlands (Fellman et al.
2008; Yamashita et al. 2010; Cawley et al. 2012; Chen et al., 2013), estuaries (Stedmon
& Markager, 2005; Osburn et al. 2012; Cawley et al. 2014), and coastal and open oceans
(Jorgensen et al. 2011; Gueguen et al. 2013; Kowalczuk et al. 2013) demonstrates the
universal applicability of the technique. Furthermore, increased standardization of data
collection and processing allows for direct comparison of PARAFAC components
observed in different environments or regions, paving the way for open-source databases
like OpenFluor (Murphy et al., 2014).
Due to its broad applicability in a variety of environments, minimal sample
preparation and quick analysis, EEM-PARAFAC is an optimal technique for
characterizing the optical signatures of DOM sources and reactivity for studies requiring
very large sample-sets. As such, EEM-PARAFAC has been applied across broad spatial
(Guo et al. 2011; Jaffe et al. 2012; Spencer et al. 2012; Kothawala et al. 2014) and
temporal scales (Kowalczuk et al. 2009; Chen et al. 2013). Such studies are of growing
relevance, as long-term (inter-annual to decadal) changes in DOC export have been
widely observed, but the drivers of these trends remain unclear (Filella & Rodriguez,
2014), with suggested mechanisms ranging from changes in temperature (Evans et al.
2005), precipitation (Pumpanen et al. 2014) and nutrients (Dittmar & Lara, 2001) to land
management practices (Krupa et al. 2012).
In this study, we present ten years of monthly EEM-PARAFAC data collected at
seven stations in the Florida Everglades that is, to the best of our knowledge, the most

134

comprehensive record of its kind for a coastal wetland. Historically, the Greater
Everglades Ecosystem (GEE), which occupies much of the Southern Florida peninsula,
was hydrologically connected via slow and shallow overland sheetflow of freshwater
moving from the Kissimmee River basin in the north to the Gulf of Mexico in the south.
Drainage, dredging, and construction of canals and barriers to flow disrupted this
hydrologic connectivity, and resulted in dramatic loss of organic soils (McVoy et al.
2011), declining water table depths and changes in direction of sheetflow (Sklar et al.
2005). Current landscape-scale efforts are underway to restore sheetflow connectivity
along the GEE flowpath (Science Coordination Team, 2003), but the impacts of altered
hydrologic regimes on ecosystem function, including carbon cycling, remain uncertain
(Estenoz & Bush, 2015, Orem et al. 2015). Coincident with anticipated changes in
hydrology related to restoration activities, climate models for the region predict changes
in rainfall patterns, evapotranspiration rates, and relative sea-level, influencing salinity
gradients and freshwater availability (Obeysekera et al. 2014; Koch et al. 2015).
Improved understanding of historic and current linkages between Everglades hydrology
and DOM dynamics is therefore essential to inform adaptive management strategies
guiding Everglades restoration and climate change resiliency (Orem et al. 2015).
Previous DOM research in the Everglades indicates a clear latitudinal gradient in
DOC, with highest concentrations found in the northern freshwater wetlands, especially
in agricultural areas, and lowest concentrations in the coastal estuaries and bays south of
Everglades National Park (Qualls & Richardson, 2003; Yamashita et al. 2010; Chen et al.
2013). This gradient in carbon concentration is accompanied by similar changes in DOM
quality, with a decrease in humic-like components and increase in protein-like materials
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moving north to south (Yamashita et al. 2010; Chen et al. 2013). Temporal patterns
observed for DOC and DOM suggest seasonal differences in transport along major
flowpaths are related to seasonal hydrodynamics (Chen et al. 2013; Cawley et al. 2014;
Regier et al., 2016). In addition, while both photochemical and biological degradation
pathways play important roles in DOM composition, where photochemical appears to
have a greater impact on the humic-rich Everglades DOM pool (Qualls & Richardson,
2003; Chen and Jaffe, 2014), Everglades DOM seems to be relatively refractory on time
scales relevant to its residence time in the system (Chen and Jaffe, 2016). Moreover,
multiple hydrologic pathways, including groundwater (e.g., Chen et al. 2010) and tidal
mixing (e.g., Cawley et al. 2014; Regier & Jaffe, 2016) further affect spatial and temporal
patterns of DOM. While there is a reasonably clear understanding of the temporal and
spatial patterns and trends of DOM, the connections between hydrology and DOM
quantity and composition remain elusive. As hydrologic regimes are anticipated to shift
dramatically with ongoing restoration activities and the impacts of a changing climate, it
is essential to understand how DOM responds to changes in hydrology in order to predict
ecosystem response. The current study interprets long-term trends and patterns of DOM
composition measured as EEM-PARAFAC fluorescence components in relation to
hydrology. Established relationships are then manipulated based on climate change
scenarios set forth by Obeysekera et al. (2014) to predict how DOM composition will
respond to shifting hydrologic conditions.
5.3 Methods
5.3.1 Site Description:
The GEE is a large subtropical coastal wetland ecosystem characterized by north136

south gradients of vegetation and nutrients controlled by the balance between freshwater
and saltwater (Boyer et al. 1997; Ross et al. 2000). Samples for this study were collected
at sites in freshwater marshes, estuarine mangroves and seagrass beds along the two
major drainages of Everglades National Park (ENP): Shark River Slough (SRS) and
Taylor Slough (TS). ENP is located at the southern terminus of the GEE flow path and
encompasses an oligotrophic ecotone at the nexus of marsh and mangroves that is highly
sensitive to changes in salinity and nutrients (Michot et al., 2011; Rivera-Monroy et al.
2011, Briceño et al., 2014). SRS covers 1700 km2 (Saha et al. 2012) and is the primary
drainage of ENP, while TS is considerably smaller, with the southern portion covering
just 446 km2 (Sandoval et al. 2016). SRS is characterized by deep organic-rich peat soils
and longer hydro-periods, while TS sites are located in wet prairies with shallow, less
organic-rich marl soils and much shorter hydro-periods (Saha et al. 2012; Obeysekera et
al., 2014; Sandoval et al. 2016). The seven sampling sites selected for the study are longterm monitoring locations established by the Florida Coastal Everglades Long Term
Ecological Research project (FCE-LTER). We sampled three sites in SRS: SRS2, SRS4
and SRS6, and four sites in TS: TS2, TS3, TS7, and TS10 (Figure 5.1) monthly from late
2004 to early 2014. SRS2 is located in freshwater peat marsh, SRS4 receives muted tidal
influence (average salinity: 5.1) and SRS6, located near the mouth of the Shark River,
receives strong tidal influence (average salinity: 23.2). TS2 and TS3 are located in
freshwater marsh dominated by marl soils. TS7 is situated in the coastal mangrove fringe
(average salinity: 16.6), and TS10 is located in Florida Bay, a shallow bay characterized
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by high salinity (average salinity: 36.9), considerable seagrass coverage (Zieman et al.
1989) and seasonal hydrologic connectivity with the TS estuary (Sutula et al. 2001).
5.3.2 Sampling, DOC analysis and PARAFAC modeling:
Surface water samples were collected every month just below the surface and
filtered through 0.7 μm combusted GF/F filters (Whatman) into pre-rinsed, acid-washed
opaque HDPE bottles (Nalgene) then transported to lab on ice and stored in a refrigerator
prior to analysis.

DOC concentration ([DOC]) was measured via high-temperature combustion on a
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Shimadzu TOC analyzer after acidification to purge inorganic carbon. EEMs were
measured using a Horiba Jovin Yvon SPEX Fluoromax-3 spectrofluorometer equipped
with a 150 W xenon arc lamp, and fluorescence intensity was converted to quinine sulfate
units following Coble et al. (1993). PARAFAC modeling was applied to decompose
EEMs into fluorescence components using an alternating least squares algorithm (Bro
1997). 1394 samples were used to construct an eight-component model (“FCE” dataset
on www.openfluor.org), which was validated according to methods described in Stedmon
and Bro (2008). Details of the spectral characteristics of the eight model components
(C1-C8) established for the FCE model are presented in Chen et al., (2010) and
Yamashita et al., (2010), but are briefly described here for general reference. C1 through
C6 are humic-like while C7 and C8 are protein-like. Within the humic-like group, C4 is
consistent with microbial fluorescence characteristics while both C2 and C6 appear to be
most prevalent in upstream agricultural regions (Yamashita et al. 2010), with C6 enriched
in groundwater relative to surface waters and vice versa for C2 (Chen et al. 2010). For
additional details regarding sampling, DOC analysis and EEM-PARAFAC modelling,
readers are referred to Chen et al., (2013) and references therein.
5.3.3 Ancillary data collection:
Water level (WL), rainfall (RF) and evapotranspiration (ET) data were retrieved
from the Everglades Depth Estimation Network (EDEN; sofia.usgs.gov/eden/). The three
parameters are monthly averages of daily values based on the sites used for hydrologic
budget calculations presented in Saha et al., (2012) and Sandoval et al., (2016) (SRS and
TS, respectively). Here, WL is presented in feet (1 foot = 0.3048 m) relative to the
NAVD 88 geodetic vertical datum (ft NAVD 88). Nutrients, dissolved organic carbon
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(DOC), and salinity values were collected from several long-term FCE-LTER datasets
(fcelter.fiu.edu/data/) to cover all the sites used in the study (Briceño, 2016; Gaiser &
Childers, 2016, Troxler & Childers, 2013; Troxler, 2017). Inflow rates were calculated
for SRS as monthly average discharge for the sum of the four S12 water control
structures. TS inflows were calculated as monthly average discharge for the sum of 23
culverts running underneath the ENP park road, following Sandoval et al., (2016). Figure
5.5 uses WL values collected from EDEN gages adjacent to individual sites (SRS2: P36;
TS2: TSB) rather than transect-wide spatial averages.
5.3.4 Statistics:
All statistical tests were performed using the JMP® Version 12 statistical package
(SAS Institute Inc., Cary, NC, 1989-2007). First, PARAFAC components were
converted into percentages to remove the seasonal influence of DOC concentration on
compositional dynamics (Chen et al. 2013). Behavior of individual components has been
discussed (e.g., Yamashita et al., 2010, Chen et al., 2013; Chen & Jaffé, 2014), and we
sought to reduce dataset complexity by grouping PARAFAC components via hierarchical
clustering. Data from all sites were clustered using Ward’s minimum variance method
(Ward, 1963) after data standardization (Figure 5.2). Four groups were selected from
clustering: C1+C3+C5 (terrestrial components), C2 (potentially derived from
agriculture), C4+C6 (microbial components) and C7+C8 (protein-like components), and
are referred to by these designations throughout the remainder of the manuscript.
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Normal distributions were tested using the Shapiro-Wilk test with p-values < 0.05
indicating non-normal distributions. Because the majority of sample populations used for
this study were non-normal, the Kruskal-Wallis non-parametric test was used to
determine statistical likelihood of different samples originating from the same
distribution (Kruskal & Wallis, 1952). Mann-Kendall tests for monotonic trends (Hirsch
et al. 1982) were performed using the “Kendall” package in R (McLeod, 2011). In
addition, we applied cumulative sums methods to interpret change in trends by
constructing standardized cumulative sums (“Cusums”) charts (Manly & McKenzie,
2000), following methods described in Briceño et al., (2014). Cusum plots are valuable
for deriving patterns, trends, and driver-response relationships for complex or highly
variable time-series (e.g., Briceño et al. 2014). The features present in a Cusum plot are
indicative of variations around the dataset mean, where an increasing Cusum trend

141

represents a period of values consistently above average and, conversely, negative slopes
indicate values consistently below the average. Monotonic increasing and decreasing
trends display as bowl-shaped and dome-shaped curves, respectively (Briceño,
unpublished). In addition, Cusum plots are robust to gaps (Briceño, unpublished), which
are prevalent in the current dataset.

5.4 Results and Discussion
5.4.1 Relating hydrology to DOM dynamics by transect
Table 5.1 presents the average values of relevant hydrologic parameters for 20022008, based on hydrologic budgets constructed for SRS and TS by Saha et al. (2012) and
Sandoval et al. (2016), respectively. The two primary freshwater inputs to ENP are RF
(natural freshwater delivery) and inflows through water control structures along the
borders of ENP (managed freshwater delivery). Of these two sources, RF inputs are
considerably larger than inflow for both transects. SRS hydrology is seasonally
controlled by inflows through the S12 structures located directly upstream of SRS2
(Figure 5.1), which exert considerable influence on DOC transport to the estuary (Cawley
et al., 2014; Regier et al., 2016; Regier & Jaffe, 2016). In contrast, TS freshwater
hydrology is less influenced by management inputs than precipitation regimes, as
evidenced by much lower inflow rates (Table 5.1). TS also has a lower ratio of rainfall
(the largest input) to ET (the largest output), leading to longer periods of dry-down,
particularly as TS is characterized by a shallower water depths relative to average ground
elevation (https://sofia.usgs.gov/eden/). Finally, although the magnitude of groundwater
inputs is similar between SRS and TS (Table 5.1), the ratio of groundwater to surface
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water (rainfall + inflows) is higher for TS (groundwater is equivalent to 37% of surface
water inputs) than for SRS (groundwater is equivalent to 28% of surface water inputs).
To test for significant relationships between DOC concentrations, DOM
composition and surface water hydrology, we conducted Kruskal-Wallis (KW) nonparametric tests using WL, RF and inflows. The three hydrologic parameters were
divided into above-average and below-average groups for each transect. Next, DOM
parameters for SRS and TS were tested for significant differences with results presented
in Table 5.2 (TS10 was excluded from KW tests in Table 5.2 as Florida Bay is less
directly influenced by freshwater inputs).
SRS marshes experience shorter periods of dry-down than TS marshes, and are
characterized by deep deposits of organic-rich peats, compared to relatively organic-poor
marl soils at TS2 and TS3. Higher DOC inputs from SRS soils are therefore expected,
which would be further concentrated by low WLs during the dry season. Consistent with
this expectation, [DOC] values are lower during the wet season than the dry season
(Table 5.2). In contrast, higher [DOC] at TS sites during the wet season (Table 5.2) can
be attributed to rewetting of marl soils by rainfall (Chen et al., 2013). Table 5.2 also
indicates differences in the hydrologic drivers of [DOC] changes between the two
transects. SRS [DOC] is significantly related to WL and inflows, both of which peak in
the late wet season. TS [DOC] is only significantly related to rainfall, consistent with
seasonal rewetting and leaching of dried marl soils, especially as rainfall is not a major
source of DOC. The difference in relationships between [DOC] and hydrologic factors
predicts SRS is more likely to be influenced by changes in water management while TS
is linked primarily to seasonal rainfall patterning.
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Unlike [DOC], % terrestrial and % microbial (the two PARAFAC groups with the
largest average percentages) show consistently significant relationships to all hydrologic
parameters (Table 5.2), with a higher terrestrial signature in the wet season and a higher
microbial signature in the dry season (Chen et al., 2013). The relative increase of %
terrestrial during the wet season can be explained as the result of flushing of humic-like
DOM from marshes and mangroves along both transects (Jaffe et al. 2004; Chen et al.,
2013; Cawley et al. 2014). The consistent relationships between % microbial and
hydrologic variables in Table 5.2, where % microbial increases during the dry season, are
likely linked to increased aerobic activity concurrent with lower WLs. Previously, it was
shown that total organic carbon (TOC) concentrations from Everglades vegetation
leachates were higher for poisoned samples compared to non-poisoned samples,
indicating biological consumption of TOC (Davis et al. 2006). Likewise, bio-degradation
experiments using DOC collected in the Everglades presents evidence of susceptibility to
microbial processing of plant leachates and to a lesser extend soil leachates (Chen and
Jaffe, 2014; Chen & Jaffe, 2016), and our data suggest this may be more pronounced
during the dry season. In addition to microbial production, the C6 component, which
represents a portion of the microbial-like PARAFAC grouping is enriched in Everglades
groundwater (Chen et al. 2010). Thus, seasonal C6 patterns likely represent a
combination of microbial activity and groundwater inputs when low WL and high
groundwater inputs coincide, notably observed in TS (Sandoval et al., 2016).
The percentage of C2 was significantly related to WL, RF and inflows in SRS but
only to WL in TS (Table 5.2). C2 is thought to be primarily sourced from upstream
agricultural areas, and transported to ENP through canals (Yamashita et al., 2010), where

it is consistently most abundant in the freshwater marsh sites of SRS (Chen et al. 2013).
In contrast to expectations of water management as the primary hydrologic driver, Table
5.2 indicates %C2 is more significantly related to RF (p=0.0065) than inflows (p=0.0235)
in SRS (Table 5.2). Values in Table 5.2 represent transect-wide test results (SRS2, SRS4
and SRS6), and we suggest the significant relationship between %C2 and RF in Table 5.2
represents increased hydrologic connectivity along the SRS flowpath during onset of the
wet season and subsequent increased mobilization of C2-enriched DOM at SRS2
downstream (Chen et al. 2013). Site-specific KW tests support this mechanism, where, at
SRS2, %C2 has a more significant connection to inflows (p = 0.0074) than RF (p =
0.0156).
As with [DOC], % C2 is inversely related to wet season hydrology. We attribute
this in part to C2’s photochemical properties. The apparent persistence of C2 during the
dry season may be due to its photorefractory properties (Chen et al. 2013; Chen & Jaffe,
2014), suggesting it will persist more than other fluorophores during dry season
conditions conducive to photochemical (increased sunlight penetration of a shallower
water column) degradation processes. Therefore, while C2 experiences minimal
reduction via photo or biodegradation processes, the remaining PARAFAC components
are likely degraded, enriching the C2 signal of the DOM pool. Additionally, C2 may be
partially sourced from photo-production (Chen et al. 2013), as reported in other wetlands
(Cawley et al. 2012).
Change in the percentage of the protein-like group was significantly explained by
inflows for SRS and by WL and inflows for TS (Table 5.2), although relationships
between % protein-like and each of three hydrologic parameters in Table 5.2 were
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weaker for SRS. C7 and C8 protein-like fluorescence components are generally more
abundant in the southern portion of ENP and Florida Bay (Yamashita et al., 2010) and
account for only a small percentage of the PARAFAC pool, particularly for SRS. Higher
protein content in DOM in the TS region has been attributed to in-marsh sources where
canal water inputs into marsh environments become enriched in protein-like DOM as
waters slowly move through the wetland (Lu et al., 2003). In the estuarine areas of TS,
the higher abundance of protein-like components may be driven in part inputs of DOM
enriched in protein-like fluorophores originating in Florida Bay, a region with
considerably higher concentrations of protein-like fluorescence than other TS sites (Maie
et al. 2012; Chen et al. 2013; Ya et al., 2015). Florida Bay inputs do not influence TS2 or
TS3, sites where C7 is higher during the wet season and C8 is higher during the dry
season (Chen et al. 2013). Potential drivers of protein-like patterns at TS2 and TS3 are
discussed in the next section.
5.4.2 Linking DOM composition and water level
Relationships between DOM and hydrology were also explored quantitatively
using linear regression. WL was used in preference to rainfall and inflows as it
represents a cumulative average of all freshwater and groundwater inputs. DOC
concentration and the relative abundances of the four PARAFAC groups were plotted
against WL for upstream (SRS2 and TS2) and downstream (SRS6 and TS7) sites in each
transect, with results presented visually in Figure 5.3 and regression statistics in Table
5.3. For TS2, three outliers were identified based on visual inspection of regression fits
for microbial and protein-like plots. Regressions for all parameters at TS2 were run with
and without the outliers, and regression values improved for two factors (% microbial and
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% protein-like). R2 values without the outliers are presented in parentheses in Table
5.3and discussed in this section. No outliers were removed for other sites.
As previously shown in Table 5.2, DOC concentrations at freshwater sites have
opposite relationships to seasonal hydrology, where DOC is higher at SRS2 during the
dry season and higher at TS2 during the wet season. SRS6 [DOC] shows a considerably
weaker relationship to WL compared to SRS2, which is surprising as a clear negative
relationship between DOC and salinity exists at SRS6 (R2 = 0.37, p < 0.0001). As lower
DOC levels in the estuary are attributed to dilution of freshwater DOC inputs, driven by
both rainfall and management inflows (Regier & Jaffe, 2016), and mangrove DOM inputs
are higher during the wet season (Cawley et al. 2014), weaker seasonal trends at SRS6
can be explained as destructive interference of seasonal signals, where DOC is diluted
during the wet season during a simultaneous increase of DOC inputs from mangroves.
Both TS sites show similar increasing DOC patterns consistent with explanations for
Table 5.2, although the relationship between DOC and WL at TS2 is considerably less
significant than SRS2. We attribute this to rainfall driving DOC seasonal patterns at TS2,
while WL tracks inflow and therefore peaks later in the wet season (Sandoval et al.
2016).
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For the % terrestrial, all four sites in Figure 5.3 exhibit increasing trends with
higher WL (see also Table 5.2). Of the four sites, TS2 has the weakest correlation, which
may be associated with lower water management related inputs of terrestrial DOM to TS
during the wet season in comparison to SRS (Table 5.1). Conversely, higher inflows to
SRS increase hydrologic connectivity to DOC-rich peat marshes enriched in terrestrial
components north of ENP to the SRS flowpath, enhancing the seasonal differences
observed in % terrestrial at SRS2 compared to TS2. Bio and photo-degradation
experiments on soil leachates and surface waters collected at SRS3 (8.05 km downstream
of SRS2) and TS2 indicate much lower starting and ending concentrations for terrestrial
components at TS2 (Chen & Jaffe, 2014), matching the relatively shallow slope of %
terrestrial vs. WL in Figure 5.3. In contrast, % microbial exhibits a larger range at TS2 in
comparison to SRS2 (Figure 5.3), and the same is true comparing SRS6 and TS7.
Enhanced seasonality of the percentage of microbial components in TS may be attributed
to enrichment in DOM associated with microbial activity during the dry season, as
previously suggested based on fluorescence index (FI) patterns (Chen et al. 2013).
In SRS, DOC inputs to the estuary link to upstream hydrologic conditions at
short-term (hourly to daily) and long-term (monthly to yearly) time-scales (Regier et al.
2016; Regier & Jaffe, 2016), and strong conservative mixing of % C2 along the Shark
River salinity gradient indicates negligible C2 inputs from the mangrove forest (Cawley
et al. 2014). %C2 correlates to [DOC] throughout the GEE (Yamashita et al. 2010), and
this pattern is consistent at SRS2, where %C2 correlates with [DOC] (R2 = 0.30).
However, the relationship between %C2 and WL for SRS2 is considerably weaker than
the relationship between [DOC] and WL (Table 5.3), which can be attributed in part to
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the photochemical properties of C2, as discussed previously, but also may be related to
the time-lag between onset of the wet season and delivery to ENP of C2 originating
upstream in the EAA. For reference, the geodesic distance from outflow structures of
EAA to SRS2 is approximately 90 km, and average flow velocities are generally lower
than 2 cm s-1 (Leonard et al., 2006; Harvey et al., 2009). Even using the unrealistic
assumption of a direct flowpath and a constant velocity of 2 cm s-1, transit time from the
EAA outflow to SRS2 is approximately 52 days, and substantially lower velocities
observed in interior marshes (Harvey et al. 2009) and non-linear flowpaths are likely to
considerably increase this conservative estimate. This very rough estimate suggests the
potential for a lag time equal to, or greater than, two months between onset of the rainy
season and delivery of C2 from the EAA to SRS2. Therefore, while our data fits with the
explanation that a considerable portion of C2 in SRS is sourced from north of ENP, it is
also clear that a combination of photochemical properties and transit time complicate
seasonal relationships to WL.
In contrast to SRS2, TS2 shows a positive correlation between % C2 and WL,
which could be interpreted as increased DOC delivered via water management inputs.
However, Table 5.1 indicates that water management likely plays less of a role in TS
compared with SRS. While it is likely that canal inputs of C2 contribute in some
capacity to the seasonal pattern at TS2, we suggest an additional mechanism proposed by
Chen et al. (2010) may be responsible for C2 inputs: photo-production of the photorefractory C2 component from more photo-labile components, particularly C6. Since C6
is enriched in groundwater relative to C2, and vice versa for surface waters (Chen et al.
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2010), we expect C6 to be higher during periods of groundwater discharge. As
groundwater inputs decrease during the wet season in SRS and TS (Saha et al. 2012;
Sandoval et al. 2016), C6 inputs from GW decrease, and remaining C6 is photodegraded, the relative content of C2 would increase compared with C6. To test this
theory, C2:C6 ratios for the four upstream sites (SRS2, SRS4, TS2, and TS3) were
plotted by month (Figure 5.4). During the dry season, all sites had significantly lower
C2:C6 ratios (p<0.05), indicating either reduced C2 inputs or enhanced C6 inputs,
consistent with increased groundwater discharge. Both of these options are anticipated as
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the wet season experiences higher water management inputs (increased C2) and reduced
groundwater inputs (lower C6). While all sites showed significant seasonal changes in %
C6, the TS sites did not show significant seasonal differences for % C2 (TS2: p = 0.9648;
TS3: p = 0.1334). Therefore, at TS2 and TS3, patterns in the C2:C6 ratio are driven by
changes in C6 rather than C2 The consistently low C2:C6 values during the mid and late
dry season (January-April) for TS sites match reported timing for groundwater discharge
(January-June) for TS (Sandoval et al. 2016). The lack of significance in % C6 patterns
for SRS sites, combined with less clear C2:C6 seasonal patterns in Figure 5.4, likely
correspond to a difference in timing of groundwater discharge between SRS and TS,
where groundwater discharge for SRS spans May-November (Saha et al. 2012). Results
from Figure 5.4 indicate that, while groundwater likely plays a role in DOM composition
in both transects, there appears to be clearer evidence of a seasonal source of C6 via
groundwater discharge to TS, which might then, at least in part be photo-converted into
C2.
Previous studies of photo-degradation rates of Everglades water, soil and biomass
samples suggest that DOM in surface waters is generally less reactive than either soil or
plant leachates (Chen & Jaffe, 2016). Thus, if reactivity time-scales are longer than
average residence times, a photo-conversion mechanism is unlikely. Recently published
water residence times for TS report average residence times greater than 30 days for the
time-period of the study, with an average of approximately 27 days during the wet season
and around 42 days during the dry season (Sandoval et al. 2016). Half-life values for C6
photodegradation in surface waters at TS2 predict that both labile and refractory C6 pools
will experience >95% loss during the wet season and >99% loss during the dry season
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(Chen & Jaffe, 2016), based on residence times in Sandoval et al. (2016). Although data
were not available to estimate similar C2 photo-generation rates, relatively rapid photoproduction of C2 in TS11 sediment leachates (located near TS10) was observed at
weekly time-scales (Chen & Jaffe, 2016). Laboratory studies of photochemical
properties like Chen & Jaffe (2016) do not account for environmental factors like shading
from vegetation, optically active constituents of the water column (both dissolved and
particulate materials), and attenuation through the water column. However, the timescales presented here for water residence time and photo-degradation/photo-production
rates provide appear to support for the C6 to C2 conversion as a temporally feasible
mechanism.
The relationships between % protein-like fluorescence and WL for SRS sites are
very weak, with no linear relationship observed for SRS6, while stronger correlations are
present for both TS sites. The plot for TS7 in Figure 5.3 agrees with previous discussion
of Table 5.2 results regarding seasonal inputs of protein-like components from Florida
Bay to the estuary. A positive relationship between WL and % protein-like fluorophores
at TS2 is not explained by Florida Bay inputs, but rather may be linked to hydrologic
conditions in TS marshes during the wet season which attenuate rates of
photodegradation. Photochemistry experiments using Everglades DOM indicate the C7
and C8 fluorophores are concentrated in biomass leachates for Everglades plants and are
simultaneously highly susceptible to photo-degradation (Chen & Jaffe, 2014). Since
DOC in the water column can act as a natural sunscreen (e.g., Bracchini et al., 2004) for
photo-active compounds like our C7 and C8 PARAFAC components, sites may exhibit a
stronger protein-like signature during peak WL (peak attenuation of sunlight) or peak
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DOC concentrations (attenuation via absorbance). At TS2, where peak [DOC] occurs
during peak wet season (peak WL), ideal conditions exist for shielding photo-sensitive
protein-like fluorophores from degradation. This is corroborated by significant KW test
results at TS2 for WL and inflows (p = 0.0027 and p = 0.0019, respectively). In contrast,
peak WL is seasonally opposite to peak [DOC] at SRS2, where protein-like fluorophore
percentages are consistently low, and site-specific KW test results show no significant
relationships between the three hydrologic parameters in Table 5.2 and the percentage of
SRS protein-like DOM. Thus, while hydrologic control of protein-like fluorescence in
SRS aren’t evident based on Table 5.2 or Figure 5.3, separate drivers appear to influence
the seasonal patterns of protein-like components at the TS2 and TS7.
5.4.3 Long-term trends of PARAFAC groupings
Long-term datasets are essential to assess changes in ecosystem function
controlled by drivers operating at annual to decadal time-scales (e.g., climate change and
adaptive management). We examined our DOM fluorescence data for monotonic trends
using Mann-Kendall (MK) tests with results presented as tau values along with
significance of trends in Table 5.4. Of the parameters tested, only % C2 showed
consistent, highly significant trends (p < 0.01) for both the SRS and TS transects.
Although [DOC] trends were not significant (Table 5.4), strong spatial correlations
observed between [DOC] and C2 have been reported (Yamashita et al. 2010). Previously
reported long-term decreasing trends in DOC concentration and fluxes for the Shark
River (Regier et al., 2016), along with decreasing TOC concentrations in the Florida
Keys based on a data record spanning more than two decades (Boyer and Briceño, 2014),
also agree with decreasing %C2 trends presented in Table 5.4. Thus, our data suggests
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that the source of consistently observed decreasing trends in organic carbon throughout
the Everglades may be related to changes in carbon exported from the northern GEE (due
to the change in percentage of C2), potentially including DOM exported from the EAA
through canals and the water conservation areas.
The steeper slope (larger negative tau value) of the % C2 trend for SRS compared
to TS suggests a more rapid decline of C2 in the former drainage system. Since we
expect C2 to be sourced primarily from upstream, particularly for SRS, individual MK
tests were performed for SRS2 and TS2. While no significant trend was detected at TS2
(tau = 0.085, p = 0.9207), a highly significant decreasing trend was present for SRS2 data
(tau = -0.260, p = 0.0003), which supports the hypothesis of a reduction in canal C2
inputs via water management structures to SRS (Yamashita et al. 2010; Regier et al.,

2016). In order to determine if the MK trend for C2 was related to the quantity of water
or the composition of the DOM in that water, a MK test was conducted for average
discharge from the S12 structures. A non-significant trend in discharge (tau = 0.064, p >
0.05) indicated that water management inflows are not declining during the time-period
of the study, and may in fact be increasing. Therefore, the decrease in C2 in SRS cannot
be explained simply as a reduction in managed inflows, but rather indicates a reduction in
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the amount of C2 in DOM entering ENP. Moreover, consistent and significant declining
C2 trends for all SRS sites (Appendix 5.1) affirm the assumption that C2 is
conservatively transported along the SRS flowpath (Cawley et al. 2014).
Additional evidence that upstream DOM inputs to ENP are decreasing during the
study-period was gained using chloride (Cl-) concentration data collected independent of
our dataset. Synoptic spatial sampling indicated clear correlations between C2 and DOC,
and of both variables to Cl- throughout the GEE (Yamashita et al. 2010). Clconcentrations are also high in canals compared to surrounding marshes (Chen et al.
2006; Scheidt & Kalla, 2007). Moreover, long-term data show increased Cl- from the
1960s through the 1990s concurrent with increased canal inflows (Miller et al. 2004).
Based on these relationships, we used Cl- as a spatiotemporal proxy for canal inputs of
DOM to Everglades’ freshwater marshes. Long-term data (late 1970s to present) was
collected from three South Florida Water Management District control structures located
along canals connecting ENP to the EAA to test if Cl- trends in canal waters corroborated
decreasing C2 trends on decadal time-scales across the GEE (data obtained from
DBHYDRO: http://xportal.sfwmd.gov/dbhydroplsql/show_dbkey_info.main_menu). We
selected the S8 structure located along the boundary of the EAA and Water Conservation
Area 3A (WCA-3A), the S151 structure (situated southeast of S8 at the nexus of two
canals) and the S333 structure, located along the L-29 canal which runs along the
northern border of ENP and flows through the S12 structures into SRS (Appendix 5.2).
All three sites showed significant decreasing trends from the late 1970s to 2016 (S8: tau
= -0.152, p<0.0001; S151: tau = -0.255, p < 0.0001); S333: tau = -0.193, p < 0.0001).
The strong spatial correlations between DOC, C2 and Cl- (Yamashita et al. 2010) along
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with consistent decreasing trends in C2 (Table 5.4, Appendix 5.2), and longer-term
decreases in Cl- concentrations (Appendix 5.2) all substantiate the hypothesis that canal
inputs to ENP from upstream have been steadily decreasing during the time-period of the
present study. Specifically, the trends in C2 suggest reduced influence of inputs from the
northern GEE, potentially the EAA.
5.4.4 Predicting DOM response to climate change
Recent climate change scenarios based on downscaling of global climate models predict
a temperature increase of ca. 1.5 °C (and a consequential increase in ET) and a change in
RF of ±10% for the GEE (Obeysekera et al., 2014). Model outputs indicate a 10%
increase in RF yields a modest increase in WL in ENP (approximately 5 cm, or 0.16 ft)
while decreased RF produces a more dramatic decrease of 20 cm (0.66 ft) accompanied
by an estimated 20% decrease in surface water duration (Nungesser et al. 2015).
Increased and decreased rainfall scenarios are labeled herein as +ET+RF and +ET-RF,
respectively to keep nomenclature consistent with previous studies (e.g., Obeysekera et
al., 2014; Regier et al., 2016). We applied these predictions to the relationships between
WL and DOM quantity and quality established in this study in order to predict potential
biogeochemical responses to climate-mediated changes in hydrology. Although Figure
5.3 established quantitative relationships between WL, DOC concentration and DOM
composition, many regressions were quite weak or even non-significant (Table 5.3). To
better visualize changes in DOC and DOM as a function of WL, the cumulative sums
(Cusums) statistical method was used, where Cusums of [DOC] and the PARAFAC
groups were plotted against a gradient of WL. SRS2 and TS2 sites were selected for
Cusums as the sites most likely to be impacted by changes in freshwater delivery under
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the rainfall scenarios and Cusums are presented in Figure 5.5. It is important to note that
water depth was used in Figure 5.5 instead of WL (see Methods). Using water depth
makes discussion of findings for this section considerably simpler as the majority of
literature discussing the climate scenarios we apply (Obeysekera et al. 2014) use water
depths relative to surface elevation.

Unlike Figure 5.3, where some PARAFAC groupings showed little or no correlation to
WL, all Cusum curves for SRS2 and TS2 consistently exhibit either bowl or dome shaped
curves, indicating relatively monotonic relationships to increasing water depth (bowls are
increasing trends, domes are decreasing trends). The inflection points either at the
highest point of the dome or the lowest point of the bowl correspond to a shift between
above average and below average values, meaning water depth values associated with
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inflection points represent a threshold for each DOM parameter.

For instance, water

depths greater than one ft at SRS2 correspond to below average % microbial, and vice
versa for depths less than one ft. In the case of % microbial, the average wet and dry
seasonal water depths straddle the inflection point, indicating that, for this set of data, the
changes in microbial components at SRS2 are strongly related to the average difference
in water depth between wet and dry seasons. One other parameter has an inflection point
located within the average seasonal range of water depth: % terrestrial at TS2. However,
all other metrics in Figure 5.5 have inflection points located outside the average seasonal
range for water depth. As such, average depth conditions either correspond to
consistently above or below average values of DOM parameters. For SRS, where
inflection points are located below the average dry season water depth, large shifts in
DOM composition are not expected for water depths greater than 0.75 ft (except for
microbial). Likewise, all components at TS2 except % terrestrial do not shift
dramatically until water depth exceeds 1.25 – 1.5 ft (well above the average wet season
level). The positioning of inflection points relative to average seasonal water depths
provides initial predictions of how [DOC] and DOM compositional features at SRS2 and
TS2 will respond to short-term changes in WL. For both SRS2 and TS2 sites, deeper
water levels predict higher % terrestrial and lower % microbial. At SRS, higher WL
appears to correspond to lower [DOC], %C2 and % protein-like. The opposite is true for
TS2, where higher WL predicts increased [DOC] and higher percentages of both %C2
and % protein-like.
The +ET+RF scenario predicts a modest increase of 0.16 ft in average water
depth for the GEE (Nungesser et al. 2015), leading to higher than average water depths at
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SRS2 which imply an increase in overly wet conditions, although Cusum plots for SRS2
indicate no considerable change in DOM (Figure 5.5). Deeper average water depths are
expected increase the extent of soil saturation both spatially (larger flooded areas) and
temporally (longer hydroperiods), which has been predicted to lead to shifts in local
vegetation communities (van der Valk, 2015). For example, at SRS2, where vegetation is
dominated by emergence sawgrass communities, longer inundation intervals may shift
environmental conditions to be more favorable towards plants adapted to longer
hydroperiods, like spikerush (Armentano et al. 2006; Childers et al. 2006), a plant
enriched in the C4 fluorophore in comparison to sawgrass (Chen & Jaffe, 2014). In this
manner, the influence of shifting hydrologic conditions on vegetation communities could
potentially alter DOM composition. A deeper surface water table is also be associated
with changes in nutrients and redox conditions which may encourage peat accretion
(Larsen et al. 2007), potentially reducing the amount of DOM exported downstream.
In stark contrast to the +ET+RF, the +ET-RF change in water depth of -0.66 ft
applied to Cusums in Figure 5.5 predicts dramatic shifts in DOM composition, dropping
water levels below average dry season values at both sites. For SRS2, the decrease in
water depth transitions Cusum values across all inflection points, indicating a strong shift
to above average values for DOC concentration, % C2, % microbial and % protein-like
and below average values for % terrestrial. While DOM has been reported to be
relatively stable in terms of photo- and bio-degradation (Chen and Jaffe, 2014) on timesscales of water residence times in ENP, reduced light attenuation at shallower depths
might enhance the photo-degradation of the labile DOM pool under these conditions. In
addition, the predicted increase of labile DOM under shallower water conditions may
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create ideal conditions for biological or photochemical mineralization of DOC to CO2
(Jimenez et al. 2012).
As for SRS2, the +ET-RF scenario predicts significant shifts in DOC concentration and
DOM composition at TS2, although the change in water depth associated with this
scenario does not indicate movement across any inflection points (as observed for SRS2),
meaning a change from above to below-average values (or vice versa) as a result of
shifting water levels is not predicted. Instead, the average water depth is predicted to
decrease below the average surface elevation. Figure 5.5 indicates that TS2 DOM
dynamics appear to be more resilient to overly dry conditions compared to SRS2
(shallower slopes to the left of the inflection point). However, as hydro-period has been
linked to changes in DOC concentration (Mackay et al. 2011) and implicated as a
potential driver of molecular diversity in wetlands (Hertkorn et al. 2016), the predicted
persistence of dry-down conditions may alter both DOC concentration and DOM
composition. While % microbial is predicted to increase at TS under this scenario, DOC
concentrations and the other three PARAFAC groups are predicted to decrease. Because
groundwater inputs coincide with dry season water depths at TS2 (Sandoval et al. 2016),
the predicted increase in microbial signature may be associated with higher groundwater
inputs of PARAFAC component C6 (Chen et al., 2010). The combination of lower water
depth and decreased DOC concentrations will likely reduce sunlight attenuation, resulting
in high levels of photo-degradation of C6 which may lead to higher mineralization rates
to CO2, as predicted for SRS2 along with potential for increased photo-production of C2.
However, Jimenez et al. (2012) found decreased net ecosystem exchange at lower water
table depths at the TS 1b site (4.62 km upstream of TS2), along with an attenuated
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response to temperature, which is surprising as the marl soils of TS are expected to be
less efficient as a carbon sink than the deep, organic-rich peat soils of SRS. This
contrasts with SRS findings, and suggests that DOM at TS (reported to be a sink of CO2
by Jimenez et al. (2012)), may not be as strongly impacted by consistently lower water
depths as SRS2.
The predicted responses of DOC and DOM composition at SRS2 and TS2 match
other reports that the +ET-RF scenario could lead to substantial environmental changes in
the Everglades. These include degradation of geomorphology, altered ecological
community structure and, as suggested here, potential for massive loss of organic carbon
sequestered in peat and marl soils (Obeysekera et al. 2014; Nungesser et al. 2015; Orem
et al. 2015). As biogeochemistry, geomorphology and hydrology interact within the
Everglades ecosystem, it remains difficult to conclusively state how changes in water
management or regional climate will ultimately affect the transport and fate of organic
carbon throughout the system. To this point, our findings provide detailed insight into
the strong yet complex linkages between DOM composition and hydrology and provide
predictions on DOM response to shifting climatic conditions.

5.5 Conclusions
Analysis of ten years of DOM fluorescence data and interpretation of relationships to
hydrology revealed that, while compositional features are clearly linked to seasonal
hydrologic parameters, the temporal and spatial patterns and trends of DOM are complex,
representing a spectrum of sources and reactivity. General spatial and temporal patterns
track previous analysis of the first 4 years of this dataset (Chen et al. 2013) and, along
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with long-term trend analysis, indicate that the abundance of most DOM fluorescent
components were not observed to change dramatically during the course of this study,
with the exception of C2. Our comparison of the longer-hydroperiod, organic rich SRS
and shorter-hydroperiod marl-dominated TS transects shows different, and sometimes
opposite hydrologic responses of DOM composition in adjacent but hydrologically
disconnected regions of ENP. SRS is strongly influenced by upstream inputs and water
management, which increases the relative abundance of terrestrial DOM while diluting
the bulk DOC pool during the wet season. In contrast, DOM dynamics at TS respond
more strongly to rainfall and are less influenced by water management. Components
clustered into terrestrial and microbial groupings showed consistent seasonal correlations
to hydrology, while relationships of C2 and protein-like components to hydrology were
more variable between sites. Groundwater was observed to play an important role in
delivery of photo-labile C6, primarily to TS freshwater sites, and our data strongly
suggests that this is an important source for photo-production of C2 at the TS sites. Over
the course of this study, the C2 component associated with inputs from canals draining
the northern Everglades significantly declined. Equivalent decreases in Cl- throughout
the GEE but not in water management inflows to SRS present additional evidence that
the influence of inputs from EAA and other upstream regions to the ENP DOM pool is
decreasing steadily. Finally, application of climate change scenarios indicate minimal
change in DOM composition over relatively short time-scales is expected if precipitation
increases, but decreased rainfall may lead to more significant alterations in DOM
composition, and potentially the balance of the carbon cycle, particularly for SRS.
Continued investigation of DOM composition through collection and analysis of long-
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term datasets is essential for interpreting response and resilience to climate change and
shifts in management in complex hydrologically driven ecosystems.

5.6 Acknowledgements
This material is based upon work supported by the National Science Foundation
under the Florida Coastal Everglades Long Term Ecological Research project (DBI0620409) and the Centers of Research Excellence in Science and Technology (CREST)
Program (HRD-1547798). . Additional support was provided through the George Barley
Chair (to R. Jaffe). The authors thank A. Hines, S. Stumpf and R. Travieso for assistance
in the field, M. Rugge for assistance with Figure 5.1, R. Price and S. Dessu for providing
access to TS inflow data, and H. Briceño for valuable comments that greatly improved
this manuscript. This is contribution number ### from the Southeast Environmental
Research Center in the Institute of Water and Environment at FIU.
References
Amon, R. M. W., and R. Benner. 1996. Bacterial utilization of different size classes of
dissolved organic matter. Limnol. Oceanogr. 41: 41–51.
doi:10.4319/lo.1996.41.1.0041
Armentano, T. V., J. P. Sah, M. S. Ross, D. T. Jones, H. C. Cooley, and C. S. Smith.
2006. Rapid responses of vegetation to hydrological changes in Taylor Slough,
Everglades National Park, Florida, USA. Hydrobiologia 569: 293–309.
doi:10.1007/s10750-006-0138-8
Battin, T. J., S. Luyssaert, L. A. Kaplan, A. K. Aufdenkampe, A. Richter, and L. J.
Tranvik. 2009. The boundless carbon cycle. Nature Geosci 2: 598–600.
doi:10.1038/ngeo618
Boyer, J., and H. Briceño. 2013. 2013 Annual Report of the Water Quality Monitoring
Project for the Water Quality Protection Program of the Florida Keys National
Marine Sanctuary. SERC Research Reports.

165

Boyer, J. N. 2006. Shifting N and P limitation along a north-south gradient of mangrove
estuaries in South Florida. Hydrobiologia 569: 167–177. doi:10.1007/s10750-0060130-3
Boyer, J. N., J. W. Fourqurean, and R. D. Jones. 1997. Spatial characterization of water
quality in Florida Bay and Whitewater Bay by multivariate analyses: Zones of similar
influence. Estuaries 20: 743–758. doi:10.2307/1352248
Bracchini, L., S. Loiselle, A. M. Dattilo, S. Mazzuoli, A. Cózar, and C. Rossi. 2004. The
spatial distribution of optical properties in the ultraviolet and visible in an aquatic
ecosystem. Photochem. Photobiol. 80: 139–149. doi:10.1562/2004-01-26-RA-063.1
Briceño, H., G. Miller, and S. E. Davis. 2014. Relating Freshwater Flow with Estuarine
Water Quality in the Southern Everglades Mangrove Ecotone. Wetlands 34: 101–111.
doi:10.1007/s13157-013-0430-0
Briceño, H. 2016. Surface Water Quality Monitoring Data collected in South Florida
Coastal Waters (FCE) from June 1989 to Present. Long Term Ecological Research
Network. http://dx.doi.org/10.6073/pasta/b943251de623a92e46d3b09ad1f04585.
Bro, R. 1997. PARAFAC. Tutorial and applications. Chemometrics and Intelligent
Laboratory Systems 38: 149–171. doi:10.1016/S0169-7439(97)00032-4
Burrows, R. M., J. B. Fellman, R. H. Magierowski, and L. A. Barmuta. 2013.
Allochthonous dissolved organic matter controls bacterial carbon production in oldgrowth and clearfelled headwater streams. Freshw. Sci. 32: 821–836. doi:10.1899/12163.1
Cao, F., P. M. Medeiros, and W. L. Miller. 2016. Optical characterization of dissolved
organic matter in the Amazon River plume and the Adjacent Ocean: Examining the
relative role of mixing, photochemistry, and microbial alterations. Mar. Chem. 186:
178–188. doi:10.1016/j.marchem.2016.09.007
Cawley, K. M., P. Wolski, N. Mladenov, and R. Jaffe. 2012. Dissolved Organic Matter
Biogeochemistry Along a Transect of the Okavango Delta, Botswana. Wetlands 32:
475–486. doi:10.1007/s13157-012-0281-0
Cawley, K. M., Y. Yamashita, N. Maie, and R. Jaffé. 2014. Using Optical Properties to
Quantify Fringe Mangrove Inputs to the Dissolved Organic Matter (DOM) Pool in a
Subtropical Estuary. Estuaries and Coasts 37: 399–410. doi:10.1007/s12237-0139681-5

166

Chen, M., and R. Jaffé. 2014. Photo- and bio-reactivity patterns of dissolved organic
matter from biomass and soil leachates and surface waters in a subtropical wetland.
Water Research 61: 181–190. doi:10.1016/j.watres.2014.03.075
Chen, M., and R. Jaffé. 2016. Quantitative assessment of photo- and bio-reactivity of
chromophoric and fluorescent dissolved organic matter from biomass and soil
leachates and from surface waters in a subtropical wetland. Biogeochemistry 129:
273–289. doi:10.1007/s10533-016-0231-7
Chen, M., N. Maie, K. Parish, and R. Jaffé. 2013. Spatial and temporal variability of
dissolved organic matter quantity and composition in an oligotrophic subtropical
coastal wetland. Biogeochemistry 115: 167–183. doi:10.1007/s10533-013-9826-4
Chen, M., R. M. Price, Y. Yamashita, and R. Jaffé. 2010. Comparative study of dissolved
organic matter from groundwater and surface water in the Florida coastal Everglades
using multi-dimensional spectrofluorometry combined with multivariate statistics.
Applied Geochemistry 25: 872–880. doi:10.1016/j.apgeochem.2010.03.005
Childers, D. L., D. Iwaniec, D. Rondeau, G. Rubio, E. Verdon, and C. J. Madden. 2006.
Responses of sawgrass and spikerush to variation in hydrologic drivers and salinity in
Southern Everglades marshes. Hydrobiologia 569: 273–292. doi:10.1007/s10750006-0137-9
Coble, P. G. 1996. Characterization of marine and terrestrial DOM in seawater using
excitation emission matrix spectroscopy. Mar. Chem. 51: 325–346.
doi:10.1016/0304-4203(95)00062-3
Coble, P. G., C. A. Schultz, and K. Mopper. 1993. Fluorescence contouring analysis of
DOC intercalibration experiment samples: a comparison of techniques. Marine
Chemistry 41: 173–178. doi:10.1016/0304-4203(93)90116-6
Cory, R. M., and D. M. McKnight. 2005. Fluorescence Spectroscopy Reveals Ubiquitous
Presence of Oxidized and Reduced Quinones in Dissolved Organic Matter. Environ.
Sci. Technol. 39: 8142–8149. doi:10.1021/es0506962
Cory, R. M., C. P. Ward, B. C. Crump, and G. W. Kling. 2014. Sunlight controls water
column processing of carbon in arctic fresh waters. Science 345: 925–928.
doi:10.1126/science.1253119
Davis, S. E., D. L. Childers, and G. B. Noe. 2006. The contribution of leaching to the
rapid release of nutrients and carbon in the early decay of wetland vegetation.
Hydrobiologia 569: 87–97. doi:10.1007/s10750-006-0124-1

167

Dittmar, T., and R. J. Lara. 2001. Driving Forces Behind Nutrient and Organic Matter
Dynamics in a Mangrove Tidal Creek in North Brazil. Estuarine, Coastal and Shelf
Science 52: 249–259. doi:10.1006/ecss.2000.0743
Estenoz, S., and E. Bush. 2015. Everglades restoration science and decision-making in
the face of climate change: a management perspective. Environ Manage 55: 876–883.
doi:10.1007/s00267-015-0452-x
Evans, C. D., D. T. Monteith, and D. M. Cooper. 2005. Long-term increases in surface
water dissolved organic carbon: Observations, possible causes and environmental
impacts. Environmental Pollution 137: 55–71. doi:10.1016/j.envpol.2004.12.031
Fellman, J. B., D. V. D’Amore, E. Hood, and R. D. Boone. 2008. Fluorescence
characteristics and biodegradability of dissolved organic matter in forest and wetland
soils from coastal temperate watersheds in southeast Alaska. Biogeochemistry 88:
169–184. doi:10.1007/s10533-008-9203-x
Fellman, J. B., E. Hood, and R. G. M. Spencer. 2010. Fluorescence spectroscopy opens
new windows into dissolved organic matter dynamics in freshwater ecosystems: A
review. Limnol. Oceanogr. 55: 2452–2462. doi:10.4319/lo.2010.55.6.2452
Filella, M., and J. C. Rodríguez-Murillo. 2014. Long-term Trends of Organic Carbon
Concentrations in Freshwaters: Strengths and Weaknesses of Existing Evidence.
Water 6: 1360–1418. doi:10.3390/w6051360
Ganju, N. K., J. L. Miselis, and A. L. Aretxabaleta. 2014. Physical and biogeochemical
controls on light attenuation in a eutrophic, back-barrier estuary. Biogeosciences 11:
7193–7205. doi:10.5194/bg-11-7193-2014
Gaiser, E., D. Childers. 2016. Water Quality Data (Grab Samples) from the Shark River
Slough, Everglades National Park (FCE), from May 2001 to Present. Long Term
Ecological Research Network.
http://dx.doi.org/10.6073/pasta/bb732e1e254c2a797afee65e6c21d535.
Gonsior, M., J. Luek, P. Schmitt-Kopplin, J. M. Grebmeier, and L. W. Cooper. 2017.
Optical properties and molecular diversity of dissolved organic matter in the Bering
Strait and Chukchi Sea. Deep Sea Research Part II: Topical Studies in Oceanography.
doi:10.1016/j.dsr2.2017.01.003
Graeber, D., I. G. Boëchat, F. Encina-Montoya, and others. 2015. Global effects of
agriculture on fluvial dissolved organic matter. Scientific Reports 5: 16328.
doi:10.1038/srep16328
Guéguen, C., C. W. Cuss, C. J. Cassels, and E. C. Carmack. 2014. Absorption and
fluorescence of dissolved organic matter in the waters of the Canadian Arctic

168

Archipelago, Baffin Bay, and the Labrador Sea. Journal of Geophysical Research:
Oceans 119: 2034–2047. doi:10.1002/2013JC009173
Guo, W., L. Yang, H. Hong, C. A. Stedmon, F. Wang, J. Xu, and Y. Xie. 2011. Assessing
the dynamics of chromophoric dissolved organic matter in a subtropical estuary using
parallel factor analysis. Marine Chemistry 124: 125–133.
doi:10.1016/j.marchem.2011.01.003
Harvey, J. W., R. W. Schaffranek, G. B. Noe, L. G. Larsen, D. J. Nowacki, and B. L.
O’Connor. 2009. Hydroecological factors governing surface water flow on a lowgradient floodplain. Water Resour. Res. 45: W03421. doi:10.1029/2008WR007129
Hedges, J. I., R. G. Keil, and R. Benner. 1997. What happens to terrestrial organic matter
in the ocean? Org. Geochem. 27: 195–212. doi:10.1016/S0146-6380(97)00066-1
Hertkorn, N., M. Harir, K. M. Cawley, P. Schmitt-Kopplin, and R. Jaffe. 2016. Molecular
characterization of dissolved organic matter from subtropical wetlands: a comparative
study through the analysis of optical properties, NMR and FTICR/MS.
Biogeosciences 13: 2257–2277. doi:10.5194/bg-13-2257-2016
Hirsch, R. M., J. R. Slack, and R. A. Smith. 1982. Techniques of trend analysis for
monthly water quality data. Water Resour. Res. 18: 107–121.
doi:10.1029/WR018i001p00107
Hosen, J. D., O. T. McDonough, C. M. Febria, and M. A. Palmer. 2014. Dissolved
Organic Matter Quality and Bioavailability Changes Across an Urbanization Gradient
in Headwater Streams. Environ. Sci. Technol. 48: 7817–7824. doi:10.1021/es501422z
Ide, J., M. Ohashi, K. Takahashi, and others. 2017. Spatial variations in the molecular
diversity of dissolved organic matter in water moving through a boreal forest in
eastern Finland. Scientific Reports 7: 42102. doi:10.1038/srep42102
Jaffé, R., J. N. Boyer, X. Lu, N. Maie, C. Yang, N. M. Scully, and S. Mock. 2004. Source
characterization of dissolved organic matter in a subtropical mangrove-dominated
estuary by fluorescence analysis. Marine Chemistry 84: 195–210.
doi:10.1016/j.marchem.2003.08.001
Jaffé, R., Y. Yamashita, N. Maie, and others. 2012. Dissolved Organic Matter in
Headwater Streams: Compositional Variability across Climatic Regions of North
America. Geochimica et Cosmochimica Acta 94: 95–108.
doi:10.1016/j.gca.2012.06.031
Jimenez, K. L., G. Starr, C. L. Staudhammer, J. L. Schedlbauer, H. W. Loescher, S. L.
Malone, and S. F. Oberbauer. 2012. Carbon dioxide exchange rates from short- and

169

long-hydroperiod Everglades freshwater marsh. J. Geophys. Res. 117: G04009.
doi:10.1029/2012JG002117
Jorgensen, L., C. A. Stedmon, T. Kragh, S. Markager, M. Middelboe, and M.
Sondergaard. 2011. Global trends in the fluorescence characteristics and distribution
of marine dissolved organic matter. Mar. Chem. 126: 139–148.
doi:10.1016/j.marchem.2011.05.002
Koch, M. S., C. Coronado, M. W. Miller, D. T. Rudnick, E. Stabenau, R. B. Halley, and
F. H. Sklar. 2015. Climate Change Projected Effects on Coastal Foundation
Communities of the Greater Everglades Using a 2060 Scenario: Need for a New
Management Paradigm. Environ. Manage. 55: 857–875. doi:10.1007/s00267-0140375-y
Kothawala, D. N., C. A. Stedmon, R. A. Müller, G. A. Weyhenmeyer, S. J. Köhler, and
L. J. Tranvik. 2014. Controls of dissolved organic matter quality: evidence from a
large-scale boreal lake survey. Glob Change Biol 20: 1101–1114.
doi:10.1111/gcb.12488
Kowalczuk, P., M. J. Durako, H. Young, A. E. Kahn, W. J. Cooper, and M. Gonsior.
2009. Characterization of dissolved organic matter fluorescence in the South Atlantic
Bight with use of PARAFAC model: Interannual variability. Mar. Chem. 113: 182–
196. doi:10.1016/j.marchem.2009.01.015
Kowalczuk, P., G. H. Tilstone, M. Zablocka, R. Roettgers, and R. Thomas. 2013.
Composition of dissolved organic matter along an Atlantic Meridional Transect from
fluorescence spectroscopy and Parallel Factor Analysis. Mar. Chem. 157: 170–184.
doi:10.1016/j.marchem.2013.10.004
Krupa, M., R. G. M. Spencer, K. W. Tate, J. Six, C. van Kessel, and B. A. Linquist. 2012.
Controls on dissolved organic carbon composition and export from rice-dominated
systems. Biogeochemistry 108: 447–466. doi:10.1007/s10533-011-9610-2
Kruskal, W. H., and W. A. Wallis. 1952. Use of Ranks in One-Criterion Variance
Analysis. Journal of the American Statistical Association 47: 583–621.
doi:10.2307/2280779
Lambert, T., S. Bouillon, F. Darchambeau, P. Massicotte, and A. V. Borges. 2016. Shift
in the chemical composition of dissolved organic matter in the Congo River network.
Biogeosciences 13. doi:10.5194/bg-13-5405-2016
Larsen, L. G., J. W. Harvey, and J. P. Crimaldi. 2007. A delicate balance:
Ecohydrological feedbacks governing landscape morphology in a lotic peatland. Ecol.
Monogr. 77: 591–614. doi:10.1890/06-1267.1

170

Leonard, L., A. Croft, D. Childers, S. Mitchell-Bruker, H. Solo-Gabriele, and M. Ross.
2006. Characteristics of surface-water flows in the ridge and slough landscape of
Everglades National Park: implications for particulate transport. Hydrobiologia 569:
5–22. doi:10.1007/s10750-006-0119-y
Lu, X. Q., N. Maie, J. V. Hanna, D. L. Childers, and R. Jaffé. 2003. Molecular
characterization of dissolved organic matter in freshwater wetlands of the Florida
Everglades. Water Research 37: 2599–2606. doi:10.1016/S0043-1354(03)00081-2
Mackay, A. W., T. Davidson, P. Wolski, R. Mazebedi, W. R. L. Masamba, P. HuntsmanMapila, and M. Todd. 2011. Spatial and Seasonal Variability in Surface Water
Chemistry in the Okavango Delta, Botswana: A Multivariate Approach. Wetlands 31:
815–829. doi:10.1007/s13157-011-0196-1
Maie, N., Y. Yamashita, R. M. Cory, J. N. Boyer, and R. Jaffé. 2012. Application of
excitation emission matrix fluorescence monitoring in the assessment of spatial and
seasonal drivers of dissolved organic matter composition: Sources and physical
disturbance controls. Applied Geochemistry 27: 917–929.
doi:10.1016/j.apgeochem.2011.12.021
Manly, B. F. J., and D. Mackenzie. 2000. A cumulative sum type of method for
environmental monitoring. Environmetrics 11: 151–166. doi:10.1002/(SICI)1099095X(200003/04)11:2<151::AID-ENV394>3.0.CO;2-B
Mann, P. J., R. G. M. Spencer, P. J. Hernes, and others. 2016. Pan-Arctic Trends in
Terrestrial Dissolved Organic Matter from Optical Measurements. Front. Earth Sci. 4:
UNSP 25. doi:10.3389/feart.2016.00025
McKnight, D. M., E. W. Boyer, P. K. Westerhoff, P. T. Doran, T. Kulbe, and D. T.
Andersen. 2001. Spectrofluorometric characterization of dissolved organic matter for
indication of precursor organic material and aromaticity. Limnol. Oceanogr. 46: 38–
48. doi:10.4319/lo.2001.46.1.0038
McLeod, A. I. 2011. Kendall: Kendall rank correlation and Mann-Kendall trend test. R
package version 2.2. Available at: http://CRAN.R-project.org/package=Kendall.
McVoy, C. W. 2011. Landscapes and Hydrology of the Predrainage Everglades,
University Press of Florida.
Medeiros, P. M., M. Seidel, S. M. Gifford, F. Ballantyne, T. Dittmar, W. B. Whitman,
and M. A. Moran. 2017. Microbially-Mediated Transformations of Estuarine
Dissolved Organic Matter. Front. Mar. Sci. 4. doi:10.3389/fmars.2017.00069
Meybeck, M. 1982. Carbon, nitrogen, and phosphorus transport by world rivers. Am J
Sci 282: 401–450. doi:10.2475/ajs.282.4.401

171

Michot, B., E. A. Meselhe, V. H. Rivera-Monroy, C. Coronado-Molina, and R. R.
Twilley. 2011. A tidal creek water budget: Estimation of groundwater discharge and
overland flow using hydrologic modeling in the Southern Everglades. Estuarine,
Coastal and Shelf Science 93: 438–448. doi:10.1016/j.ecss.2011.05.018
Miller, R. L., B. F. McPherson, R. Sobczak, and C. Clark. 2004. Water Quality in Big
Cypress National Preserve and Everglades National Park - Trends and Spatial
Characteristics of Selected Constituents. Report 2003–4249. 2003–4249.
Minor, E. C., M. M. Swenson, B. M. Mattson, and A. R. Oyler. 2014. Structural
characterization of dissolved organic matter: a review of current techniques for
isolation and analysis. Environ. Sci.: Processes Impacts 16: 2064–2079.
doi:10.1039/C4EM00062E
Murphy, K. R., C. A. Stedmon, P. Wenig, and R. Bro. 2014. OpenFluor– an online
spectral library of auto-fluorescence by organic compounds in the environment. Anal.
Methods 6: 658–661. doi:10.1039/C3AY41935E
Nebbioso, A., and A. Piccolo. 2013. Molecular characterization of dissolved organic
matter (DOM): a critical review. Anal Bioanal Chem 405: 109–124.
doi:10.1007/s00216-012-6363-2
Nungesser, M., C. Saunders, C. Coronado-Molina, J. Obeysekera, J. Johnson, C. McVoy,
and B. Benscoter. 2015. Potential Effects of Climate Change on Florida’s Everglades.
Environmental Management 55: 824–835. doi:10.1007/s00267-014-0417-5
Obeysekera, J., J. Barnes, and M. Nungesser. 2014. Climate Sensitivity Runs and
Regional Hydrologic Modeling for Predicting the Response of the Greater Florida
Everglades Ecosystem to Climate Change. Environmental Management 55: 749–762.
doi:10.1007/s00267-014-0315-x
Orem, W., S. Newman, T. Z. Osborne, and K. R. Reddy. 2015. Projecting Changes in
Everglades Soil Biogeochemistry for Carbon and Other Key Elements, to Possible
2060 Climate and Hydrologic Scenarios. Environmental Management 55: 776–798.
doi:10.1007/s00267-014-0381-0
Osburn, C. L., L. T. Handsel, M. P. Mikan, H. W. Paerl, and M. T. Montgomery. 2012.
Fluorescence Tracking of Dissolved and Particulate Organic Matter Quality in a
River-Dominated Estuary. Environ. Sci. Technol. 46: 8628–8636.
doi:10.1021/es3007723
Osburn, C. L., L. Retamal, and W. F. Vincent. 2009. Photoreactivity of chromophoric
dissolved organic matter transported by the Mackenzie River to the Beaufort Sea.
Marine Chemistry 115: 10–20. doi:10.1016/j.marchem.2009.05.003

172

Pumpanen, J., A. Lindén, H. Miettinen, and others. 2014. Precipitation and net ecosystem
exchange are the most important drivers of DOC flux in upland boreal catchments. J.
Geophys. Res. Biogeosci. 119: 2014JG002705. doi:10.1002/2014JG002705
Qualls, R. G., and C. J. Richardson. 2003. Factors controlling concentration, export, and
decomposition of dissolved organic nutrients in the Everglades of Florida.
Biogeochemistry 62: 197–229. doi:10.1023/A:1021150503664
Regier, P., H. Briceño, and R. Jaffé. 2016. Long-term environmental drivers of DOC
fluxes: Linkages between management, hydrology and climate in a subtropical
coastal estuary. Estuarine, Coastal and Shelf Science 182, Part A: 112–122.
doi:10.1016/j.ecss.2016.09.017
Regier, P., and R. Jaffé. 2016. Short-Term Dissolved Organic Carbon Dynamics Reflect
Tidal, Water Management, and Precipitation Patterns in a Subtropical Estuary. Front.
Mar. Sci. 3. doi:10.3389/fmars.2016.00250
Rivera-Monroy, V. H., R. R. Twilley, S. E. D. III, and others. 2011. The Role of the
Everglades Mangrove Ecotone Region (EMER) in Regulating Nutrient Cycling and
Wetland Productivity in South Florida. Critical Reviews in Environmental Science
and Technology 41: 633–669. doi:10.1080/10643389.2010.530907
Ross, M. s., J. f. Meeder, J. p. Sah, P. l. Ruiz, and G. j. Telesnicki. 2000. The Southeast
Saline Everglades revisited: 50 years of coastal vegetation change. Journal of
Vegetation Science 11: 101–112. doi:10.2307/3236781
Roth, V.-N., T. Dittmar, R. Gaupp, and G. Gleixner. 2014. Ecosystem-Specific
Composition of Dissolved Organic Matter. Vadose Zone Journal 13:
vzj2013.09.0162. doi:10.2136/vzj2013.09.0162
Saha, A. K., C. S. Moses, R. M. Price, V. Engel, T. J. Smith, and G. Anderson. 2012. A
Hydrological Budget (2002-2008) for a Large Subtropical Wetland Ecosystem
Indicates Marine Groundwater Discharge Accompanies Diminished Freshwater Flow.
Estuaries Coasts 35: 459–474. doi:10.1007/s12237-011-9454-y
Sandoval, E., R. M. Price, D. Whitman, and A. M. Melesse. 2016. Long-term (11 years)
study of water balance, flushing times and water chemistry of a coastal wetland
undergoing restoration, Everglades, Florida, USA. CATENA 144: 74–83.
doi:10.1016/j.catena.2016.05.007
Scheidt D. J., P. I. Kalla. 2007. Everglades ecosystem assessment: water management
and quality, eutrophication, mercury contamination, soils and habitat. Monitoring for
adaptive management. A R-EMAP Status Report. USEPA Region 4, Athens GA.
EPA 904-R-07-001. 98p.

173

Science Coordination Team. 2003. The role of flow in the Everglades ridge and slough
landscape, South Florida Ecosystem Restoration Working Group.
Shutova, Y., A. Baker, J. Bridgeman, and R. K. Henderson. 2014. Spectroscopic
characterisation of dissolved organic matter changes in drinking water treatment:
From PARAFAC analysis to online monitoring wavelengths. Water Research 54:
159–169. doi:10.1016/j.watres.2014.01.053
Sklar, F. H., M. J. Chimney, S. Newman, and others. 2005. The ecological–societal
underpinnings of Everglades restoration. Frontiers in Ecology and the Environment 3:
161–169. doi:10.1890/1540-9295(2005)003[0161:TEUOER]2.0.CO;2
Spencer, R. G. M., K. D. Butler, and G. R. Aiken. 2012. Dissolved organic carbon and
chromophoric dissolved organic matter properties of rivers in the USA. J. Geophys.
Res. 117: G03001. doi:10.1029/2011JG001928
Stedmon, C. A., and R. Bro. 2008. Characterizing dissolved organic matter fluorescence
with parallel factor analysis: a tutorial. Limnol. Oceanogr. Methods 6: 572–579.
doi:10.4319/lom.2008.6.572
Stedmon, C. A., and S. Markager. 2005. Resolving the variability in dissolved organic
matter fluorescence in a temperate estuary and its catchment using PARAFAC
analysis. Limnol. Oceanogr. 50: 686–697. doi:10.4319/lo.2005.50.2.0686
Stedmon, C. A., S. Markager, and R. Bro. 2003. Tracing dissolved organic matter in
aquatic environments using a new approach to fluorescence spectroscopy. Marine
Chemistry 82: 239–254. doi:10.1016/S0304-4203(03)00072-0
Stenson, A. C., A. G. Marshall, and W. T. Cooper. 2003. Exact Masses and Chemical
Formulas of Individual Suwannee River Fulvic Acids from Ultrahigh Resolution
Electrospray Ionization Fourier Transform Ion Cyclotron Resonance Mass Spectra.
Anal. Chem. 75: 1275–1284. doi:10.1021/ac026106p
Stewart, A. J., and R. G. Wetzel. 1980. Fluorescence: absorbance ratios—a molecularweight tracer of dissolved organic matter1. Limnol. Oceanogr. 25: 559–564.
doi:10.4319/lo.1980.25.3.0559
Stubbins, A., P. J. Mann, L. Powers, and others. 2017. Low photolability of yedoma
permafrost dissolved organic carbon. J. Geophys. Res. Biogeosci. 122:
2016JG003688. doi:10.1002/2016JG003688
Sutula, M., J. W. Day, J. Cable, and D. Rudnick. 2001. Hydrological and nutrient budgets
of freshwater and estuarine wetlands of Taylor Slough in Southern Everglades,
Florida (U.S.A.). Biogeochemistry 56: 287–310. doi:10.1023/A:1013121111153

174

Troxler, T., D. Childers. 2013. Water Quality Data (Grab Samples) from the Taylor
Slough, Everglades National Park (FCE), from May 2001 to Present. Long Term
Ecological Research Network.
http://dx.doi.org/10.6073/pasta/841a276afdf1c45f25b9f00a15532e9e.
Troxler, T. 2017. Water Quality Data (Grab Samples) from the Taylor Slough,
Everglades National Park (FCE), South Florida from September 1999 to Present.
Long Term Ecological Research Network.
http://dx.doi.org/10.6073/pasta/4363952963663bcd233b22e959876366.
van der Valk, A. G., J. C. Volin, and P. R. Wetzel. 2015. Predicted Changes in
Interannual Water-Level Fluctuations Due to Climate Change and Its Implications for
the Vegetation of the Florida Everglades. Environmental Management 55: 799–806.
doi:10.1007/s00267-014-0434-4
Walker, S. A., R. M. W. Amon, and C. A. Stedmon. 2013. Variations in high-latitude
riverine fluorescent dissolved organic matter: A comparison of large Arctic rivers. J.
Geophys. Res.-Biogeosci. 118: 1689–1702. doi:10.1002/2013JG002320
Ward, J. H. 1963. Hierarchical Grouping to Optimize an Objective Function. Journal of
the American Statistical Association 58: 236–244.
doi:10.1080/01621459.1963.10500845
Watts, D. L., M. J. Cohen, J. B. Heffernan, and T. Z. Osborne. 2010. Hydrologic
Modification and the Loss of Self-organized Patterning in the Ridge–Slough Mosaic
of the Everglades. Ecosystems 13: 813–827. doi:10.1007/s10021-010-9356-z
Williams, C. J., Y. Yamashita, H. F. Wilson, R. Jaffé, and M. A. Xenopoulos. 2010.
Unraveling the role of land use and microbial activity in shaping dissolved organic
matter characteristics in stream ecosystems. Limnol. Oceanogr. 55: 1159–1171.
doi:10.4319/lo.2010.55.3.1159
Ya, C., W. Anderson, and R. Jaffé. 2015. Assessing dissolved organic matter dynamics
and source strengths in a subtropical estuary: Application of stable carbon isotopes
and optical properties. Continental Shelf Research 92: 98–107.
doi:10.1016/j.csr.2014.10.005
Yamashita, Y., and R. Jaffé. 2008. Characterizing the Interactions between Trace Metals
and Dissolved Organic Matter Using Excitation−Emission Matrix and Parallel Factor
Analysis. Environ. Sci. Technol. 42: 7374–7379. doi:10.1021/es801357h
Yamashita, Y., R. Jaffé, N. Maie, and E. Tanoue. 2008. Assessing the dynamics of
dissolved organic matter (DOM) in coastal environments by excitation emission

175

matrix fluorescence and parallel factor analysis (EEM-PARAFAC). Limnol.
Oceanogr. 53: 1900–1908. doi:10.4319/lo.2008.53.5.1900
Yamashita, Y., B. D. Kloeppel, J. Knoepp, G. L. Zausen, and R. Jaffe. 2011. Effects of
Watershed History on Dissolved Organic Matter Characteristics in Headwater
Streams. Ecosystems 14: 1110–1122. doi:10.1007/s10021-011-9469-z
Yamashita, Y., L. J. Scinto, N. Maie, and R. Jaffé. 2010. Dissolved Organic Matter
Characteristics Across a Subtropical Wetland’s Landscape: Application of Optical
Properties in the Assessment of Environmental Dynamics. Ecosystems 13: 1006–
1019. doi:10.1007/s10021-010-9370-1
Zieman, J., J. W. Fourqurean, and R. L. Iverson. 1989. Distribution, Abundance and
Productivity of Seagrasses and Macroalgae in Florida Bay. Bulletin of Marine
Science 44: 292–311.

176

CHAPTER VI

CONCLUSIONS

177

6.1 Conclusions
Key findings of the research presented in each chapter are already summarized in
the respective Conclusions sections. The following summarizes the two most important
findings from each of the four chapters, and then explains the relevance of these
conclusions as a whole, as it improves current Everglades restoration and resiliency
science.
Chapter 2


Stable organic biomarkers monitored in flocculent matter throughout the DPM
experimental test plot suggests preferential mobilization of slough organic matter
(relative to ridge organic matter) during increased flow conditions.



The strong slough-like character of entrained sediments supports this finding.

Chapter 3


Variables related to freshwater discharge accurately modeled long-term DOC
export patterns from the Shark River, with clear links to the salinity gradient,
patterns in precipitation, water management and long-term climate.



Climate change scenarios involving increased rainfall suggest minimal changes in
DOC fluxes while decreased rainfall is predicted to dramatically reduce DOC
export from the estuary.

Chapter 4


High-frequency proxy measurements of DOC indicate large changes in
concentration at hourly, daily and multi-day scales, controlled by the balance
between freshwater inflows (rainfall and management inputs) and tidal action.
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Rapid signatures of ebb-tide DOC inputs, attributed to flushing of mangrove
porewaters, were observed for the first time in this system.

Chapter 5


Hydrologic drivers, including rainfall, managed inflows and groundwater, showed
strong connections to DOM compositional features, though the relationships
differed between Shark River Slough and Taylor Slough.



Application of climate change scenarios (as in Chapter 3) indicated that the
quality and quantity of DOM in Shark River Slough will be strongly impacted by
decreasing water levels associated with reduced rainfall, compared to less severe
changes predicted for Taylor Slough.
The Florida Everglades, is a vast and complex mosaic of ecosystems, and, even in

its historic state, a comprehensive understanding of interconnected hydrologic and
biogeochemical cycles would have been a daunting task for environmental scientists. In
its current state, additional layers of complexity, including anthropogenic disruption of
natural processes, complex socio-economic demands and a shifting global climate
convolute the story further. Efforts to “get the water right” (Sklar et al. 2005) are
essential steps towards restoration of freshwater connectivity along the GEE flowpath,
and are expected to restore ecosystem function, including biogeochemical cycling of
carbon and nutrients (Orem et al. 2015). The results presented within the current body of
work clearly indicate the power of water management to restore landscape topography,
regulate carbon transport, and maintain the environmental status quo in the face of rising
seas and uncertainty of future freshwater availability. However, the variability in organic
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carbon across temporal and spatial scales is clearly evident in each chapter, indicating the
necessity of continued research. The future of the Everglades and, because of reliance on
its ecosystem services (Richardson et al. 2014), the population of South Florida, depends
on careful adaptive management of the natural resources contained within Florida
Everglades. In particular, the application of comparable measures across the broad
spectrum of ecologically relevant time-scales (i.e. Chapters 3 and 4) are required to
provide a more complete understanding of function and response to the diverse set of
environmental drivers influencing the Everglades ecosystem. Additionally, the wide
array of drivers identified throughout the projects of this dissertation highlight the
necessity of a more integrated, transdisciplinary approach to environmental science, both
in the Everglades as well as globally. Careful adaptive management and strong science
driving restoration activities in the GEE can serve as a global example for other wetland
reclamation or resiliency projects.
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Appendix 3.1: Data collection for multi-variate analyses
Samples for TN and TP were collected at SRS-5 with an ISCO auto-sampler as 3day composite samples (Gaiser & Childers, 2016a), averaged to monthly intervals. DOC
grab samples were collected monthly at SRS-5 concurrent with retrieval of TN and TP
samples (Gaiser & Childers, 2016b). DOC samples were filtered through Whatman GF/F
filters and quantified on a Shimadzu TOC analyzer after acidification and purging to
remove inorganic C. The El Niño Southern Oscillation (ENSO) was quantified using the
Multivariate ENSO Index, which factors in sea-level pressure, surface wind vectors,
water and air temperatures and cloudiness
(http://www.esrl.noaa.gov/psd/enso/mei/index.html). The Atlantic Multi-decadal
Oscillation (AMO) was calculated from Kaplan sea surface temperatures
(http://www.esrl.noaa.gov/psd/data/timeseries/AMO/) with no smoothing applied.
Salinity and discharge were both measured at USGS Gage #252230081021300
(http://waterdata.usgs.gov/). Salinity was averaged from daily maximum and minimum
values. Discharge was tidally filtered using the PL33 low-pass filter for removal of tidal
fluctuations (Flagg et al. 1976). Daily water level, rainfall and evapotranspiration were
collected from 17 Everglades Depth Estimation Network (EDEN,
http://sofia.usgs.gov/eden/ (Telis 2006)) sites spatially distributed along the SRS flowpath, with water level reported as monthly averages while both rainfall and
evapotranspiration are monthly sums (rainfall and evapotranspiration calculations mirror
coincident values reported by Saha et al. 2012). Canal inflows through water
management infrastructure controlled by the South Florida Water Management District
were reported as monthly sums of daily inflows through the S-12 structures located along
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Tamiami Trail, measured as discharge by USGS gages (waterdata.usgs.gov). Sea-level
was reported as monthly aggregations of daily values measured in Key West
(fcelter.fiu.edu/). Drought data was acquired for the four counties comprising ENP:
Miami-Dade, Collier, Broward and Monroe. Monthly percent drought was calculated by
averaging weekly D0-D4 coverage values for the four counties (droughtmonitor.unl.edu).
Appendix 3.2: Validation of DOC flux model
All model components were validated as being significant predictors via t-ratios
with all p-values < 0.0001 (Supplementary Table 5). The very large ANOVA-derived Fratio (136.58, p<0.0001) for the model as a whole indicates a strongly significant
relationship is present between the independent (predictor) variables and predicted DOC
flux. The model was tested for sensitivity to season by plotting separately for wet season
and dry season points with no major differences detected (R2=0.83 for both dry and wet).
Model sensitivity testing was conducted by manipulating individual model components
while leaving all other parameters static and predicting DOC fluxes. The results for
changing each parameter by 1 standard deviation are presented in Supplementary Table 7
and indicate that model is most sensitive to shifts in salinity. No issues arising from
Durbin-Watson tests for multi-collinearity (Makridakis et al. 1978) or variable inflation
factor tests for auto-correlation following guidelines from O’Brien (2007) were detected
for any parameters. Heteroscedasticity was visually observed in model residuals with
higher DOC flux values equating higher variance (Figure 4), which may be indicative of
lower power at higher DOC fluxes. However, the observed heteroscedasticity is not
statistically supported by the Brown-Forsythe test (p=0.18) which was used in preference
to Levene’s test (also not significant, p=0.12) due to non-normality of the data (Brown &
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Forsythe 1974; Levene 1960). The average error for the model (root-mean-square
error/mean of predicted flux) is 37.1% (Supplementary Table 6), although large
uncertainty in this model is not unexpected as it is based on diverse array of predictor
variables measured at relatively low temporal resolution.
Appendix 3.3: Comparing Shark River DOC fluxes to global estimates
Global riverine export of DOC has been estimated at 170 Tg C yr-1 by NEWSDOC, a model calibrated and validated with 68 different large river systems (Harrison et
al. 2005). For comparison, flux values from this study were transformed using an areal
extent of 1700 km2 for the Shark River catchment (Saha et al. 2012) and expanded to
include discharge from the other four rivers draining the SW mangrove fringe of ENP
(Levesque 2004) for an average DOC export rate of 8429 kg C km-2 yr-1 for the region.
This value is higher than any rivers reported in Harrison et al. 2005 (maximum of 6986
kg C km-2 yr-1, average of 2355 kg C km-2 yr-1). The difference in flux rates between
large global rivers and the Shark River catchment is not unexpected as high-order rivers
are generally characterized by median DOC levels (Creed et al. 2015) due to
homogenization of headwaters with highly variable DOC cocnetrations (Freeman et al.
2007). Also, catchments with high percentage of wetland coverage (like SRS) generally
have higher levels of DOC (Harrison et al. 2005).
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